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Welcome

E rau rangatira mā, tēnā koutou. The Local Organising 
Committee, under the auspices of the New Zealand 
Coastal Society, Engineers Australia’s National 
Committee on Coastal and Ocean Engineering, 
and PIANC Australia and New Zealand were 
pleased to host Australasian Coasts & Ports 2021; 
an amalgamation of the 29th New Zealand Coastal 
Society Conference; the 25th Australasian Coastal 
& Ocean Engineering Conference; and the 18th 
Australasian Port and Harbour Conference.

The Australasian Coasts & Ports Conference series is 
the pre-eminent forum in the Australasian region for 
professionals to meet and discuss issues extending 
across all disciplines related to coasts and ports. Our 
Conference theme “Te oranga takutai – Adapt and 
Thrive” recognises the dynamic coastal environment 
that we live in and the need for coastal communities 
to be resilient and adaptable to thrive. Ōtautahi 
Christchurch and the wider Canterbury region are 
outstanding examples of this, with major seismic 
events having caused rapid and significant changes 
to the coastal environment and substantial damage 
to public and private assets and infrastructure. These 
events provided an ideal laboratory to examine the 
ongoing physical and built environment adjustments, 
and the possibilities for building stronger, more 
resilient and vibrant communities.

The conference was due to be held 7-10 September 
2021 at Te Pae, the Christchurch Convention Centre. 
As a result of the ongoing challenges in relation to the 
COVID-19 pandemic, the conference was first delayed 
and planned as a hybrid event, and then transitioned 
to a fully virtual event held online 11-13 April 2022. 
While this was a difficult decision for the LOC and 
disappointing not to be able to gather in person, 
this adaptation ultimately enabled the conference to 
proceed and thrive. 

The Australasian Coasts & Ports 2021 conference 
(delivered virtually in 2022) was a huge success. The 
conference included over 160 authors presenting their 
papers, six keynote speakers of international standing, 
panels sessions on adaptation and indigenous 
perspectives, and four special sessions on important 

and relevant coastal challenges. A particular highlight, 
and an advantage of the virtual format, was the ability 
to nimbly accommodate a special session on the 
Hunga Tonga-Hunga Ha’apai eruption and tsunami, 
including speakers live from the Kingdom of Tonga. 
The conference provided opportunities for networking 
amongst attendees, virtual exhibition space, virtual 
field trips and after-hours, panel-based young 
professionals and women in coastal geoscience and 
engineering events.

Australasian Coasts & Ports conference papers 
remain a highly relevant and useful resource for 
the Australasian coastal community and have 
been provided, open access and on the new 
perpetual website for the first time, via https://www.
coastsandports.org/. 

We would like to acknowledge Ngāi Tūā-hu-riri and 
Ngāi Tahu, mana whenua of Otautahi Christchurch, for 
welcoming us to their whenua and providing a setting, 
virtually, in which to ground our exchanges over the 
conference 3 days. A huge and heartfelt thank you to 
our LOC who worked tirelessly to bring each aspect of 
the conference to life: they are an exceptional group 
of humble, collaborative and expert professionals. A 
special thank you to Encanta who worked extremely 
hard bringing this conference together through its 
multiple stages and to Eventfrog for coordinating and 
making the virtual event such a success. 

A big thank you to our sponsors and exhibitors, to our 
abstract and paper reviewers, our speakers and our 
registrants, for sticking with us through the evolution 
of the conference and for making this proceedings 
record of events such a rich,  ongoing resource.

Ngā manaakitanga,

Deirdre E. Hart and Tom Shand 
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MONDAY, RĀHINA 11 APRIL 2022
Time 

(AWST)
Time 

(AEST)
Time 
(NZT) MONDAY

6:00am - 
6:30am

8:00am - 
8:30am

10:00am - 
10:30am

Powwhiri and Welcome from Mayor/Chairs

6:30am - 
7:10am

8:30am - 
9:10am

10:30am - 
11:10am

Keynote: Mangroves, Sea Level Rise and Coastal Protection
Prof. Karin Bryan Sponsored by 

1A
Climate Change Coastal 
Adaptation Panel

1B
Working With Nature & 
Indigenous Knowledges

1C
Tides

1D
Structure Design

1E
Vessel Management

7:10am - 
7:30am

9:10am - 
9:30am

11:10am - 
11:30am

Sponsored by Bringing the awa back
Stephanie Brown, 
WSP NZ Ltd

Coastal lake tidal range 
amplifies sea-level threat 
in Lake Macquarie, Australia
Karen Palmer, University 
of Tasmania

Wave-structure-soil 
interaction for Te Wānanga, 
Auckland’s new waterfront
Andrew Brown, Tonkin + Taylor

Operational dynamic mooring 
analysis in the cloud
Daniel Bruce, HR Wallingford

7:30am - 
7:50am

9:30am - 
9:50am

11:30am - 
11:50am

Management and 
Protection of Indigenous 
and Cultural Assets on the 
Coast in NSW Australia
James Carley, UNSW Water 
Research Laboratory

Understanding tides and 
predicting tidal heights 
in an extreme environment 
setting: Jang Bogo 
Antarctic Research Station 
in Ross Sea, Antarctica
Deirdre Hart, University 
of Canterbury

Influence of Water Level on 
Wave Uplift Loading for a 
Cantilevered Walkway above 
a Vertical Seawall
Ian Coghlan, UNSW Water 
Research Laboratory

Mooring Line Failures: 
Considerations for the 
Installation of Barrier 
Protection
Luke Campbell, WGA WA 
PTY LTD

7:50am - 
8:10am

9:50am - 
10:10am

11:50am - 
12:10pm

Kamay Ferry Wharves: 
Connecting with Country
David Dack, Arup

Making navigation in 
Antarctic waters safer 
through coupled wave-ice 
forecasting
Richard Gorman, Spectrum 
Oceanographic Ltd

Mooloolaba breakwater: How 
site constraints have shaped 
the design
Kyra Stemm, Kellogg Brown 
& Root Pty Ltd

The Effect of Fender Energy 
Dissipation on Moored Ship 
Wave-Induced Motions
Tim Gourlay, Perth Hydro

8:10am - 
8:30am

10:10am - 
10:30am

12:10pm - 
12:30pm

Designing for Nature: 
Incorporating Science 
into Construction for 
Successful Project Delivery
Crystal Lenky, Lyttelton 
Port Company

Real time prediction of 
tidal and non-tidal flows to 
improve the navigational 
safety at the entrance to 
the Tory Channel
Peter McComb, Oceanum Ltd

Reconstruction of the 
Maroochydore Groynes
Simon Restall, Geosynthetic 
Resources International

Dynamic assessment of safety 
in manoeuvring through 
constricted navigational 
channels using an online 
operational system
Reza Kazerooni, Seaport OPX 
Powered by DHI

8:30am - 
9:10am

10:30am - 
11:10am

12:30pm - 
1:10pm

BreakTime
(AWST)

Time
(AEST)

Time
(NZT) MONDAY

2A
Coastal Earthquake 
Resilience and Recovery

2B
Working With Nature
Sponsored by

2C
Beach Observations 
& Change

2D
Big Picture Design & 
Monitoring

2E
Marine Environments 
& Energy

9:10am - 
9:30am

11:10am - 
11:30am

1:10pm - 
1:30pm

Addressing Geotechnical 
Complexity at Lyttelton 
Port’s Cruise Berth
Richard Young, Beca Ltd

Working with nature – 
a practical approach
Nathan Burmeister, 
FSC Range

80 years of shoreline change 
in Northland, New Zealand
Mark Dickson, The University 
of Auckland, School of 
Environment

Gold Coast Sand Bypass 
System Jetty Deck Upgrade
Andrew Turnbull-Miller, Arup

LNG-to-Power Marine 
Infrastructure
Ramkrishna Darji, BMT 
Singapore Pte Ltd

9:30am - 
9:50am

11:30am - 
11:50am

1:30pm - 
1:50pm

The use of Trigger Action 
Response Plans to mitigate 
wave overtopping hazard 
on coastal infrastructure
Tom Shand, Tonkin + Taylor

A new approach to 
increase the resilience of 
coastal structures
Andrew Pomeroy, 
The University of Melbourne | 
FSC Range

The Importance of Knowing 
Your Erosion
Alison Clarke, 4sight 
Consulting Ltd

A Century of Bathymetry 
Changes at Stockton Beach 
and Newcastle Harbour
Ian Taggart, University of 
Newcastle

Predicting Nearshore Effects of 
Wave Farms: Phase-averaged 
vs Phase resolving models
Daniel Raj David, The University 
of Western Australia

9:50am - 
10:10am

11:50am - 
12:10pm

1:50pm - 
2:10pm

Physical modelling of complex 
overtopping flows at Ōhau Point, 
Kaikōura and development of 
mitigation measures
Francois Flocard, WRL 
UNSW Sydney

Manning River Entrance 
– a problem in search 
of a solution
Angus Gordon OAM, 
Coastal Zone Management
and Planning

Morphodynamic variability 
assessment on a high-
energy beach to develop 
trigger levels for coastal 
management intervention
Thomas Murray, Coastal 
and Marine Research Centre, 
Cities Research Institute, 
Griffith University

Operational Beach Erosion 
Early Warning System
Simone De Kleermaeker, 
Deltares

Wind Forecast Skill for 
Western Port Victoria
Gabriel Tooker, Advisian Pty Ltd

10:10am - 
10:30am

12:10pm - 
12:30pm

2:10pm - 
2:30pm

Improved performance of 
sheet piles under earthquake 
loading by performing FEM 
dynamic calculation
Helena Pera Serra, 
SENER Engineering

Performance of Engineered 
Wave Attenuating Reef 
Structures
Justin Geldard, The University 
of Western Australia

Experimental observation on 
wave and profile changes 
in a sandbar-lagoon system 
by submerged vegetation on 
the sandbar slope
Cong Xin, Tongji University

Connecting Shell Cove Boat 
Harbour to Coastal Waters - 
Strategy and Implementation
Greg Britton, Haskoning 
Australia Pty Ltd, a company 
of Royal HaskoningDHV

Establishing Design Criteria 
for a Large offshore Wind 
Farm in Vietnam
Dougal Greer, eCoast

10:30am - 
11:00am

12:30pm - 
1:00pm

2:30pm - 
3:00pm

Break
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Time 
(AWST)

Time 
(AEST)

Time 
(NZT) MONDAY

3A
Coastal Earthquake 
Resilience and Recovery

3B
Working With Nature

3C
Surf Science, Engineering 
& Management
Sponsored by

3D
Seawalls & Scour 

Sponsored by

3E
Wave Run-Up

11:00am - 
11:20am

1:00pm - 
1:20pm

3:00pm - 
3:20pm

Moving mountains to 
reconnect communities; 
lessons from the Kaikoura 
earthquake transport 
infrastructure recovery
Manea Sweeney, 
Tonkin + Taylor

When sharing data is about 
caring for our Moana
Rachel Gabara, Toitū Te 
Whenua, Land Information 
New Zealand

Measurements of surfer 
velocities and their 
relationship to breaking 
wave height and peel angle
Dirk Ackerman, The 
University of Western Australia

6 Wharf Revetment – 
Port of Napier
Kane Satterthwaite, Beca Ltd. 
& Daniel Chisnall, HEB 
Construction

Wave Setup and Run-up on 
Natural Beaches in NSW
Rosanne Hart, The University 
of Newcastle

11:20am - 
11:40am

1:20pm - 
1:40pm

3:20pm - 
3:40pm

Co-design of an 
innovative urban shellfish 
restoration project
Marcus Cameron & 
Susan Jackson, 
Tonkin + Taylor

Machine-learned Peel
Angles for Surfing Wave 
Quality Monitoring
Edward Atkin, eCoast

Ōpōtiki Harbour Development 
Project - Design of New 
Zealand’s first harbour 
opening in over 100 years
Jonathan Clarke, 
Tonkin + Taylor

Experimental study on the role of 
second-order wave generation 
and active absorption on 
overtopping and damage of 
rubble mound breakwaters
George Ellwood, The University 
of Western Australia

11:40am - 
12:00pm

1:40pm - 
2:00pm

3:40pm - 
4:00pm

Earthquake legacy coastal 
protection replacement 
strategy: Southshore, 
Christchurch, New Zealand
Kate Macdonald, Jacobs

Marine habitat 
enhancement and fauna 
management at Cobham 
Drive, Wellington
Susan Jackson, 
Tonkin + Taylor

Systematic Optimization 
of Surf Pool Wave Quality 
using Computational 
Fluid Dynamics
Simon Mortensen, Seaport 
OPX Powered by DHI

Improving our understanding 
of ship side thruster forces 
on existing armoured berths 
through physical modelling
Mathieu Deiber, UNSW

Variability in measured 
wave runup along irregular 
coastlines using observations 
in Albany, Western Australia
Carly Portch, Oceans Graduate 
School, The University of 
Western Australia

12:00pm - 
12:20pm

2:00pm - 
2:20pm

4:00pm - 
4:20pm

Supporting Aotearoa’s 
Coastal Resilience
Stuart Caie, Toitū Te Whenua, 
Land Information New Zealand

Development and Application 
of a Modelling Framework 
to Support Assessment 
of Diverse Environmental 
Impacts in a Coastal 
Marine Environment
Louise Bruce, BMT

Detailed Assessment of 
Surf Amenity over Reef and 
Sand Bottom Surf Breaks 
using Wave Peel Tracking
Michael Thompson, 
The University of Queensland

Port of Brisbane Future Port 
Expansion Seawall Upgrade
Astrid Stuer, Water Technology 
Pty Ltd

Highly-resolved simulations 
of surf zone hydrodynamics 
driven by irregular waves 
using Smoothed Particle 
Hydrodynamics
Ryan Lowe, The University of 
Western Australia

12:20pm - 
12:40pm

2:20pm - 
2:40pm

4:20pm - 
4:40pm

Natural disaster recovery 
as resilience-building 
opportunity: lessons from 
an uplifted coast
Shane Orchard, University of 
Canterbury

Ecohydraulics of surrogate 
salt marshes for coastal 
protection: wave-vegetation-
interaction and related 
hydrodynamics on vegetated 
foreshores at sea dikes
Kara Keimer, Technische 
Universität Braunschweig

The Application of Surf Science 
and Coastal Oceanography to 
Develop Win-Win Scenarios 
for Sustainable Development 
and Management of 
Marine Resources
Shaw Mead, eCoast Marine 
Consulting and Research

Basin scale modelling as a 
design tool
Alexander (Lex) Nielsen, 
Worley

Wave run-up in the lee of 
submerged breakwaters
Renan Fonseca Da Silva, The 
University of Western Australia

Time 
(AWST)

Time 
(AEST)

Time 
(NZT) MONDAY

12:40pm - 
1:00pm

2:40pm - 
3:00pm

4:40pm - 
5:00pm

Break

1:00pm - 
2:00pm

3:00pm - 
4:00pm

5:00pm - 
6:00pm

WICGE Panel Event
Chaired by Associate Prof. Kristen Splinter 
Organised by Dr Shari Gallop

Sponsored by 
 

2:00pm - 
3:00pm

4:00pm - 
5:00pm

6:00pm - 
7:00pm

Surf Science and Engineering Workshop

TUESDAY, RĀTŪ 12 APRIL 2022
Time 

(AWST)
Time 

(AEST)
Time 
(NZT) TUESDAY

6:00am - 
6:10am

8:00am - 
8:10am

10:00am - 
10:10am

Welcome

4A
Future Proofing Coastal and 
Port Environments
Sponsored by

4B
Indigenous Knowledge 
Panel

4C
Beach Nourishment & 
Sediment Transport

4D
Asset Management 
and Resilience
Sponsored by

4E
Complex Waves & Modelling

6:10am - 
6:30am

8:10am - 
8:30am

10:10am - 
10:30am

Shaping a state’s coastline 
for the next generation
Frank Marra, DevelopmentWA

Impacts of Climate Change 
on Sediment Transport Rates 
Around Burleigh Heads
Guilherme Vieira Da Silva, 
Coastal and Marine Research 
Centre, Griffith University

Asset Lifecycle Approach 
to Port Infrastructure 
Sustainability: A Case Study 
Reyhaneh Hesami, Department 
of Transport, Victoria & Nicola 
Daaboul, Brightly (formerly Assetic)

Wave Generation Zones off 
the East Australian Coast
Ana Paula Da Silva, Griffith 
University

6:30am - 
6:50am

8:30am - 
8:50am

10:30am - 
10:50am

Adaptive infrastructure in 
coastal lowlands: a new 
paradigm required
Rob Bell, Bell Adapt Ltd

Estimating the Influence of 
Long Waves on Sediment 
Transport in Coffs Harbour 
Utilising Physical, Numerical 
Modelling, and Field Data
Indra Jayewardene, Manly 
Hydraulics Laboratory

Marine Asset Management 
at Lyttelton Port
Colin Frewen & 
Tristan Williams, WSP NZ Ltd

The impact of sea level rise on 
waves and surge patterns in 
Northern Territory, Australia
Gael Arnaud, MetOcean 
Solutions
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Time 
(AWST)

Time 
(AEST)

Time 
(NZT) TUESDAY

6:50am - 
7:10am

8:50am - 
9:10am

10:50am - 
11:10am

The need for infrastructure 
adaptation at the coast
Sian John, Royal HaskoningDHV
& Amon Martin, Thames 
Coromandel District Council

Port Beach Sand 
Nourishment: 130 Years 
of Coastal Adaptation 
and Counting
Jake Costin, MP Rogers 
and Associates

Using Lessons Learned from 
Past Earthquake Performance 
to Develop Real World 
Resilience Strategies for 
Ports and Port Structures
Jan Stanway, WSP NZ Ltd

Complex wave propagation 
patterns near shipping 
channels - Phase-averaged or 
phase-resolving wave model?
Simon Weppe, Metocean 
Solutions

7:10am - 
7:30am

9:10am - 
9:30am

11:10am - 
11:30am

Dealing with future coastal 
erosion impacts on river 
mouth and flood control 
structures: Clutha River, 
Otago, New Zealand
Derek Todd, Jacobs 
New Zealand Ltd

A Summary of the Gold 
Coast Beach Nourishment 
Project: Implementation 
and Effectiveness
Zoe Elliott, City of Gold Coast

CentrePort Wellington: 
Resilient recover – 
risk guided regeneration
Wayne Juno, Holmes Consulting

Modelling and measurement 
of low-frequency surge 
motion associated with 
extreme storm conditions 
in the Port of Cape Town
Luther Terblanche, University 
of Stellenbosch

7:30am - 
7:50am

9:30am - 
9:50am

11:30am - 
11:50am

Lyttelton Cruise Berth – 
the first dedicated facility 
for ultra large cruise vessels 
in New Zealand
James Cowderoy, Beca Pty Ltd

Offshore beach nourishment 
works along the Bellarine 
Coast
Gildas Colleter, Water 
Technology

The Operation and 
Management of Jack up 
Barges in New Zealand
Lee Griffiths, Brian Perry Civil

Is attack the best defence? 
An exploration into the 
best approach of seawall 
interventions for efficient 
coastal protection
Catriona Thompson, 
University of Auckalnd

7:50am - 
8:30am

9:50am - 
10:30am

11:50am - 
12:30pm

Break

8:30am - 
9:10am

10:30am - 
11:10am

12:30pm - 
1:10pm

Keynote: Supply Chain Resilience & Climate 
Change Adaptation Planning for Ports
Marika Calfas, NSW Ports

Sponsored by 
 

TUESDAY, RĀTŪ 12 APRIL 2022

Time 
(AWST)

Time 
(AEST)

Time 
(NZT) MONDAY

12:40pm - 
1:00pm

2:40pm - 
3:00pm

4:40pm - 
5:00pm

Break

1:00pm - 
2:00pm

3:00pm - 
4:00pm

5:00pm - 
6:00pm

WICGE Panel Event
Chaired by Associate Prof. Kristen Splinter 
Organised by Dr Shari Gallop

Sponsored by 
 

2:00pm - 
3:00pm

4:00pm - 
5:00pm

6:00pm - 
7:00pm

Surf Science and Engineering Workshop

TUESDAY, RĀTŪ 12 APRIL 2022
Time 

(AWST)
Time 

(AEST)
Time 
(NZT) TUESDAY

6:00am - 
6:10am

8:00am - 
8:10am

10:00am - 
10:10am

Welcome

4A
Future Proofing Coastal and 
Port Environments
Sponsored by

4B
Indigenous Knowledge 
Panel

4C
Beach Nourishment & 
Sediment Transport

4D
Asset Management 
and Resilience
Sponsored by

4E
Complex Waves & Modelling

6:10am - 
6:30am

8:10am - 
8:30am

10:10am - 
10:30am

Shaping a state’s coastline 
for the next generation
Frank Marra, DevelopmentWA

Impacts of Climate Change 
on Sediment Transport Rates 
Around Burleigh Heads
Guilherme Vieira Da Silva, 
Coastal and Marine Research 
Centre, Griffith University

Asset Lifecycle Approach 
to Port Infrastructure 
Sustainability: A Case Study 
Reyhaneh Hesami, Department 
of Transport, Victoria & Nicola 
Daaboul, Brightly (formerly Assetic)

Wave Generation Zones off 
the East Australian Coast
Ana Paula Da Silva, Griffith 
University

6:30am - 
6:50am

8:30am - 
8:50am

10:30am - 
10:50am

Adaptive infrastructure in 
coastal lowlands: a new 
paradigm required
Rob Bell, Bell Adapt Ltd

Estimating the Influence of 
Long Waves on Sediment 
Transport in Coffs Harbour 
Utilising Physical, Numerical 
Modelling, and Field Data
Indra Jayewardene, Manly 
Hydraulics Laboratory

Marine Asset Management 
at Lyttelton Port
Colin Frewen & 
Tristan Williams, WSP NZ Ltd

The impact of sea level rise on 
waves and surge patterns in 
Northern Territory, Australia
Gael Arnaud, MetOcean 
Solutions
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Time 
(AWST)

Time 
(AEST)

Time 
(NZT) TUESDAY

5A
Flooding & Other Coastal 
Hazards

5B
Tsunamis

5C
Waves & Shoreline Analysis 
for Management

5D
Port Facility Design

5E
Structure Optimisaiton

9:10am - 
9:30am

11:10am - 
11:30am

1:10pm - 
1:30pm

The contribution of forerunner, 
meteotsunami, seiches and 
coastally trapped waves to 
storm surges
Charitha Pattiaratchi, The 
University of Western Australia

Tsunami Hazard 
Assessment for 
Tongatapu, Tonga
Jose Borrero, eCoast 
Marine Consulting 
and Research

Development of the 
SONDAP Toolbox
Demont Hansen, Department 
of Transport Maritime

Thevenard Jetty Upgrade: 
Reconstructing an Operating 
Deteriorated Structure
David McKay, WGASA Pty Ltd 
Paul Constance, Flinders Ports

Combined Numerical and 
Physical Modelling of 
Waves for Ōpōtiki Harbour 
Entrance Design
Eddie Beetham, Tonkin + Taylor

9:30am - 
9:50am

11:30am - 
11:50am

1:30pm - 
1:50pm

Effect of Storm Tide and 
Sea Level Rise on Coastal 
Inundation: A New Zealand 
Multi-Hazard Case Study
Mazhar Ali, Jacobs New 
Zealand Ltd

Impact of modelled 
tsunamigenesis on 
inundation and risk 
exposure: observations of 
the 2009 tsunami in Samoa
Shaun Williams, NIWA 
Taihoro Nukurangi

Extraction of ship wake 
information from wave 
buoy records
John Ryan, Queensland 
Department of Environment 
and Science

Slipping and Deconstruction 
of the HMAS Success
Monique Draycott, WGASA 
Pty Ltd

Optimisation of a falling toe for 
river mouth scour protection – 
results from a physical model 
study
Colin Whittaker, The University 
of Auckland

9:50am - 
10:10am

11:50am - 
12:10pm

1:50pm - 
2:10pm

Bay of Plenty coastal flood 
modelling and mapping
Christo Rautenbach, NIWA

The contribution of 
submarine landslides to 
the 2016 Kaikōura tsunami
Emily Lane, NIWA Taihoro 
Nukurangi

Improvements to mapping 
coastal erosion susceptibility
Patrick Knook, 
Tonkin + Taylor

Infrastructure for Rottnest 
Island: Refurbishing the
Fuel Jetty
Nicholas Deussen, WGA WA 
Pty Ltd

Methods for the Structural 
Analysis of Locally Corroded 
Steel Circular Hollow Sections
Jordan Butler, Wallbridge 
Gilbert Aztec

10:10am - 
10:30am

12:10pm - 
12:30pm

2:10pm - 
2:30pm

Joint Probabilities of 
Pluvial and Tidal Flooding 
In Christchurch
Tim Preston, GHD Ltd
Tom Parsons, Storm 
Environmental

Preliminary modelling of a 
potentially tsunamigenic 
submarine landslide 
identified along the west 
coast of New Zealand’s 
north island
Kendall Mollison, 
The University of Newcastle

Determining an objective 
coastal land-sea 
boundary zone for 
jurisdictional clarity
Michael Allis, BECA

Esperance Jetty – 
Building From The Shore
Imran Lambay, Maritime 
Constructions

Increasing coastal concrete-
life with hydrogel technology
Doug Hamlin, Markham

10:30am - 
11:00am

12:30pm - 
1:00pm

2:30pm - 
3:00pm

BreakTime 
(AWST)

Time 
(AEST)

Time 
(NZT) TUESDAY

6A
Coastal Hazards Adaptation 
Planning in Practice

6B
Lightning Session Talks

6C
Coastal Process 
Observations

6D
Virtual Fieldtrips Premiere 
Showing

6E
Port & Coastal Technology

11:00am - 
11:20am

1:00pm - 
1:20pm

3:00pm - 
3:20pm

Research Priorities and 
Emerging Issues in Coastal 
Geoscience and Engineering 
in Australia
Hannah Power, University of 
Newcastle

Tidal attenuation and 
salinity regimes in a highly 
modified shallow estuary: 
Te Awa o Ngātoroirangi 
(the Maketū Estuary)
Mojgan Razzaghi, 
University of Waikato
Impacts of Pacific and 
Southern Ocean Climate 
Modes on New South Wales 
Tidal Residuals, Australia
Cristina Viola, University 
of Newcastle
The exposure and 
adaptation of coastal 
infrastructure to wave 
overtopping in New Zealand
Holly Blakely, Tonkin + Taylor
Coastal structure stability 
and failure mechanisms 
in New Zealand
Madeline Witney, 
The University of Auckland
Submarine explosive 
volcanism – numerical 
modelling of tsunami 
hazard
Matthew Hayward, 
The University of Auckland
Coastal marae and urupā: 
What about sea level rise?
Akuhata Bailey-Winiata, 
The University of Waikato
On the projected wave 
climate of New Zealand
João Claudio Mussi 
De Albuquerque, 
MetOcean Solutions

Forecasting Long Period 
Wave Events using 3D 
wave models and Machine 
Learning for Dynamic 
Mooring Analysis
Jacob Suhr, Seaportopx

Smart cameras for coastal 
monitoring
Chris Drummond, UNSW Water 
Research Laboratory

11:20am - 
11:40pm

1:20pm - 
1:40pm

3:20pm - 
3:40pm

Development of Pressure 
Transducer Correction 
Factors Using Concurrent 
AWAC Measurements
Darshani Thotagamuwage, 
Department of Transport 
Western Australia

Global Navigation Satellite 
Systems (GNSS) technology 
used to construct coastal 
structures
Gary Chisholm, Trimble

11:40am - 
12:00pm

1:40pm - 
2:00pm

3:40pm - 
4:00pm

First steps in the climate 
adaptation journey
Tom Simons-Smith, 
Dunedin City Council

Assessing The Use of 
Satellite Derived Bathymetry 
In Estuarine Storm Surge 
Models – Study Case: 
Tauranga Harbour
Wagner Costa, University of 
Waikato

Dynamic Motions of Piled 
Floating Pontoons in the 
Field and the Influence on 
Postural Stability
Elizabeth (Libby) Freeman, 
Advisian Pty Ltd

12:00pm - 
12:20pm

2:00pm - 
2:20pm

4:00pm - 
4:20pm

Adaptive tools for decisions 
on compounding climate 
change impacts on water 
infrastructure
Scott Stephens, NIWA

First HF Radar observations 
of surface currents off North 
West Cape, Australia
Yasha Hetzel, The University 
of Western Australia

Delivering digitally enabled 
and autonomy-enabled smart 
port ecosystems using the new 
IHO S-100 framework model
Phil Thompson, BMT

12:20pm - 
12:40pm

2:20pm - 
2:40pm

4:20pm - 
4:40pm

Probabilistic Cost-Benefit 
Analysis to Inform Coastal 
Management: A Mollymook 
Case Study
Christopher Beadle, 
Water Technology

Pressure based water 
level measurements – 
Getting it right 
Stefan Stimson, RBR Ltd

Utilising Time Lapse and 
Drone Imagery to Audit 
Construction and Certification 
of Works for a Coastal 
Revetment at Port Kembla
Eduardo Pombo Lavin, 
Manly Hydraulics Laboratory

Time 
(AWST)

Time 
(AEST)

Time 
(NZT) TUESDAY

12:40pm - 
1:00pm

2:40pm - 
3:00pm

4:40pm - 
5:00pm

Break

1:00pm - 
2:00pm

3:00pm - 
4:00pm

5:00pm - 
6:00pm

PIANC Young Professionals Panel Event Sponsored by 
 

WEDNESDAY, RĀAPA 13 APRIL 2022
Time 

(AWST)
Time 

(AEST)
Time 
(NZT) WEDNESDAY

6:00am - 
6:10am

8:00am - 
8:10am

10:00am - 
10:10am

Welcome

7A
Port & Coastal Planning

7B
Tsunamis

7C
Special Session on 
Contemporary Coastal 
Challenges 

7D
Dredging Design 
 

Sponsored by

7E
Emerging Technologies 
in Coastal Science and 
Engineering: Dr Mitchell Harley
Sponsored by

6:10am - 
6:30am

8:10am - 
8:30am

10:10am - 
10:30am

Who pays for climate change 
adaptation? Investigating RCP, 
SSP and cost apportionment 
impacts using a simple 
multi-hazard model
Andrew Allison, NIWA Taihoro 
Nukurangi

Hydrodynamic 
Modelling of Tsunami 
Inundation Behaviour in 
Urban Environments
Scott Murray, 
Tonkin + Taylor

(see electronic programme 
for invited speaker and 
topic details)

Capital Dredging in a
World Heritage Area – 
Managing the Challenges
Lisa Mckinnon, BMT

Emerging Technologies in 
Coastal Science and Engineering
Mitchell Harley, Water Research 
Laboratory, School of UNSW

6:30am - 
6:50am

8:30am - 
8:50am

10:30am - 
10:50am

Ports Insurance Valuations: 
Learnings from Recent 
Earthquakes
Greg Mcmullan, WSP NZ Ltd

Review of Tsunami 
Impact on Bridges
Seyedreza Shafiei, Beca

Clinton Vessel Interaction 
Project Dredge Plume 
Monitoring and Fine 
Sediment Assessment
Paul Guard, BMT
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Time 
(AWST)

Time 
(AEST)

Time 
(NZT) TUESDAY

12:40pm - 
1:00pm

2:40pm - 
3:00pm

4:40pm - 
5:00pm

Break

1:00pm - 
2:00pm

3:00pm - 
4:00pm

5:00pm - 
6:00pm

PIANC Young Professionals Panel Event Sponsored by 
 

WEDNESDAY, RĀAPA 13 APRIL 2022
Time 

(AWST)
Time 

(AEST)
Time 
(NZT) WEDNESDAY

6:00am - 
6:10am

8:00am - 
8:10am

10:00am - 
10:10am

Welcome

7A
Port & Coastal Planning

7B
Tsunamis

7C
Special Session on 
Contemporary Coastal 
Challenges 

7D
Dredging Design 
 

Sponsored by

7E
Emerging Technologies 
in Coastal Science and 
Engineering: Dr Mitchell Harley
Sponsored by

6:10am - 
6:30am

8:10am - 
8:30am

10:10am - 
10:30am

Who pays for climate change 
adaptation? Investigating RCP, 
SSP and cost apportionment 
impacts using a simple 
multi-hazard model
Andrew Allison, NIWA Taihoro 
Nukurangi

Hydrodynamic 
Modelling of Tsunami 
Inundation Behaviour in 
Urban Environments
Scott Murray, 
Tonkin + Taylor

(see electronic programme 
for invited speaker and 
topic details)

Capital Dredging in a
World Heritage Area – 
Managing the Challenges
Lisa Mckinnon, BMT

Emerging Technologies in 
Coastal Science and Engineering
Mitchell Harley, Water Research 
Laboratory, School of UNSW

6:30am - 
6:50am

8:30am - 
8:50am

10:30am - 
10:50am

Ports Insurance Valuations: 
Learnings from Recent 
Earthquakes
Greg Mcmullan, WSP NZ Ltd

Review of Tsunami 
Impact on Bridges
Seyedreza Shafiei, Beca

Clinton Vessel Interaction 
Project Dredge Plume 
Monitoring and Fine 
Sediment Assessment
Paul Guard, BMT

Time 
(AWST)

Time 
(AEST)

Time 
(NZT) WEDNESDAY

6:50am - 
7:10am

8:50am - 
9:10am

10:50am - 
11:10am

Generative Design to 
Facilitate Optioneering in 
Coastal Resilience Projects
Farzam Farzadi, Beca Ltd

Assessing the Tsunami 
Hazard Posed by 
Submarine Landslides in 
the Perth Canyon, Australia
Elise Buller, University 
of Newcastle

Validating a Novel Design 
Approach for a Confined 
Dredge Material Placement Site
Zachariah Couper, BMT

Mapping ebb tidal delta 
dynamics using Planet 
cubesat imagery within the 
Google Earth Engine
Murray Ford, University of 
Auckland

7:10am - 
7:30am

9:10am - 
9:30am

11:10am - 
11:30am

Towards a Framework for 
Sustainable Port Site Selection
Michel Oosterwegel, Delft 
University of Technology

Laboratory experiments 
on tsunamigenic discrete 
subaqueous volcanic 
eruptions
Yaxiong Shen, University 
of Auckland

The Application of High-
resolution PlanetScope Dove 
Satellite Imagery for Near-
daily Shoreline Monitoring
Yarran Doherty, Water Research 
Laboratory - School of Civil 
and Environmental Engineering, 
UNSW Sydney

7:30am - 
7:50am

9:30am - 
9:50am

11:30am - 
11:50am

Hydrogen export terminal 
site selection considerations
Jim Hirst, WSP

Identifying coastal land cover 
types using a hybrid approach 
of optical and SAR satellite 
data in the Auckland region
Ben Collings, University of 
Auckland

7:50am - 
8:30am

9:50am - 
10:30am

11:50am - 
12:30pm

Break

8:30am - 
9:10am

10:30am - 
11:10am

12:30pm - 
1:10pm

Keynote: 2011 Tohoku Earthquake and Tsunami, 
the Aftermath and the Recovery Process
Prof. Tomoya Shibayama, Waseda University

Sponsored by 
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Time 
(AWST)

Time 
(AEST)

Time 
(NZT) WEDNESDAY

8A
Port & Coastal Planning

8B
Hunga Tonga - Hunga 
Ha-Apai Special Session

8C
Coastal and Ecological 
Processes

8D
Vessel Safety and Navigation 
 

Sponsored by

8E
Emerging Technologies 
in Coastal Science and 
Engineering
Sponsored by

9:10am - 
9:30am

11:10am - 
11:30am

1:10pm - 
1:30pm

Role of Technology in Achieving 
the United Nation’s Sustainable 
Development Goals
Brendan Curtis, OMC International

Morphology of Reef Top 
Islands and Impacts 
of Climate Change
Stuart Bettington, 
Royal HaskoningDHV

Preparing NZ for e-Navigation
Verena Bosselmann, Toitū 
Te Whenua, Land Information 
New Zealand

BG-Flood: A GPU adaptive, 
open-source, general 
inundation hazard model
Cyprien Bosserelle, NIWA

9:30am - 
9:50am

11:30am - 
11:50am

1:30pm - 
1:50pm

Improving port scheduling 
efficiency at Port Hedland
Samuel Frick, OMC 
International

Influence of Seasonality 
and ENSO on Hydrodynamic 
Drivers for a Fringing Coral 
Reef and Lagoon System
Matt Blacka, Water Research 
Laboratory, UNSW Sydney

Proposed Navigation System 
Upgrade at Port Kembla, NSW
Doug Treloar, Cardno, Now 
Stantec

StoneID – Application of deep-
learning methods to estimate 
armour stone gradings on 
coastal structures
Iman Jizan, Baird Australia

9:50am - 
10:10am

11:50am - 
12:10pm

1:50pm - 
2:10pm

Australian Marina Industry - 
Lessons Learned - 1971 to 2021
Mike Thackray, Yachtmarinas 
Australia Pty Ltd

Site assessment of Douglas 
Shoal ship grounding in 
the Great Barrier Reef
Bill Boylson, Advisian & 
Darren Cameron, Great Barrier 
Reef Marine Park Authority

Vessel navigation influencing 
road and rail bridge design
Ben Spalding, Hr Wallingford 
Pty Ltd

Vessel Tracking Automation – 
The Dalrymple Bay Use Case
Jochen Franke, Frontier 
Automation

10:10am - 
10:30am

12:10pm - 
12:30pm

2:10pm - 
2:30pm

Recreational Boating and 
Marine Infrastructure to 
Meet the Future Needs of 
Superyacht Market
Harry Sunarko, FFI

Assessing coastal wetland 
rehabilitation: Clybucca 
Wetlands
Toby Tucker, The University 
of New South Wales Water 
Research Laboratory

A Methodology to Design a 
Rational Static Underkeel 
Clearance Rule for Dredging 
and Port Operations
Mark Bennet, OMC International

Improvements to operational 
wave forecasting using 
Machine Learning
Jeff Hansen, The University of 
Western Australia

10:30am - 
10:50am

12:30pm - 
12:50pm

2:30pm - 
2:50pm

Temporarily Permanent – 
Creating the Stage for the 
36th Americas Cup
William Ingle, Beca

Groyne designs for novel 
habitat creation with 
repurposed sediment within 
the Port of Gladstone 
Christopher Aiken, Central 
Queensland University

Underkeel Clearance Forecast 
for LNG Carriers in an Access 
Channel with Beam Swells
Wim van der Molen, Baird 
Australia Pty Ltd

Potential applications of 
HF Radar in New Zealand 
coastal waters
Joe O’Callaghan, NIWA

10:50am - 
11:10am

12:50pm - 
1:10pm

2:50pm - 
3:10pm

Break

11:10am - 
12:00pm

1:10pm - 
2:00pm

3:10pm - 
4:00pm

Conference Awards and Closing Ceremony Sponsored by 
 

WEDNESDAY, RĀAPA 13 APRIL 2022
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Lianne Dalziel

Christchurch Mayor

Welcome to Australasian Coasts & Ports 2021

Lianne Dalziel is serving her third term as Mayor 
after serving for 23 years in the New Zealand 
Parliament, the last four terms as the Member of 
Parliament for Christchurch East. Lianne served for 
two and a half terms as a Cabinet Minister in the 
fifth Labour Government (1999 to 2008) under the 
leadership of Prime Minister Rt. Hon. Helen Clark.

During that time Lianne held a number of portfolios, 
including immigration, commerce, food safety, 
women’s affairs and senior citizens and associate 
roles in education and justice. She chaired the 
Commerce Select Committee as an opposition MP 
from 2008 to 2011.

The earthquakes that struck Greater Christchurch 
in 2010 and 2011 have had a severe impact on the 
Christchurch East electorate. Lianne researched 
as much information as she could to ensure that 
she could inform her constituents about what was 
happening and also to help her understand what lay 
ahead in terms of recovery.

“Ōtautahi Christchurch is a city of opportunity – we 
are open to new ideas, new people and new ways of 
doing things – a place where anything is possible.” 

Prof Karin Bryan 

Director, Environmental Research Institute, University 
of Waikato

Talk title: Mangroves, Low-lying Land  
and Sea-level rise

Karin Bryan is professor in physical oceanography 
at the University of Waikato, specialising in coastal 
dynamics and sediment transport. Since arriving at 
the University in 2002, she has completed a wide 
range of research projects, covering mangroves, 
wave climatology, rip currents, estuarine tidal 
dynamics and sediment stability, graduating 23 
PhD and 29 MSc students and writing 140+ peer-
reviewed papers to support this work.

She believes strongly in making physical 
oceanography useful and accessible to the people 
who need knowledge to make difficult decisions. 
With climate change, the timescales of traditional 
scientific discovery may be too slow to be useful. 
We need to think of innovative ways to make 
decisions on incomplete research. For example, 
using shortcuts and optimisation to provide 
workable solutions, making existing data more easily 
available for exploration, and to understand better 
the level of complexity needed for an effective 
solution. We no longer have the luxury of a purely 
academic approach. Her latest work is on the TAIAO 
Environmental Data Platform, where she is working 
on combining dynamical modelling and remote 
sensing to optimize predictability in the coastal 
environment.

Keynote Speakers 
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Marika Calfas

Chief Executive Officer, NSW Ports 

Talk title: Supply Chain Resilience & Climate 
Change Adaptation Planning for Ports

Marika Calfas is the Chief Executive Officer of NSW 
Ports, the organisation responsible for managing 
Port Botany, Port Kembla and the intermodal 
terminals at Cooks River and Enfield in NSW, 
Australia. Marika has almost 20 years’ experience 
in the port sector including in port planning and 
development.

With a strong belief that ports are crucial to our 
wellbeing and essential for the Nation’s economy 
Marika is passionate about driving improvements 
and efficiencies across port supply chains, informing 
the wider community and decision makers of the 
importance and value of ports and identifying new 
opportunities.

Marika was appointed by the Commonwealth 
Minister for Infrastructure & Transport to the 
Expert Panel advising the Australian Government 
Inquiry into the National Freight and Supply 
Chain Strategy Priorities in 2017. Marika is a 
board member of Infrastructure NSW and the 
Australian Logistics Council, Deputy Chair of Ports 
Australia, Member of Infrastructure Partnerships 
Australia National Advisory Board and University 
of Wollongong SMART Advisory Board as well as 
Australia’s representative to PIANC’s International 
Environmental Commission. 

Prof Tomoya Shibayama 

Professor of Coastal Engineering at Department 
of Civil and Environmental Engineering, Waseda 
University in Tokyo, Japan

Talk Title: 2011 Tohoku Earthquake and Tsunami, 
the Aftermath and the Recovery Process

Dr. Tomoya Shibayama is a Professor of Coastal 
Engineering in the Department of Civil and 
Environmental Engineering, Waseda University 
in Tokyo, Japan. He is one of the top leaders 
of tsunami and storm surge disasters and their 
mitigation studies in Japan. He uses hydraulic 
laboratory experiments, field surveys and numerical 
simulations for the study. He served as team 
leader of survey teams for all major tsunami and 
storm surge events in these fifteen years. He is the 
winner of the 2019 Hamaguchi International Award 
for Enhancement of Tsunami/Coastal Disaster 
Resilience.

tion and tsunami, including speakers live from 
the Kingdom of Tonga. The conference provided 
opportunities for networking amongst attendees, 
virtual exhibition space, virtual field trips and after-
hours, panel-based
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Dr Mitchell Harley 

Scientia Senior Lecturer, Water Research Laboratory (WRL), School 
of Civil and Environmental Engineering, UNSW Sydney

Talk title: Emerging Technologies in Coastal Science and 
Engineering

Mitchell Harley is a Scientia Senior Lecturer at the Water Research 
Laboratory (WRL), of the School of Civil and Environmental 
Engineering at UNSW Sydney. Mitchell specialises in coastal 
morphodynamics and hazards research, with a particular focus on 
coastal remote sensing, wave climatology and hazards forecasting. 
He completed his PhD at UNSW in 2009 and subsequently spent 
5 years in Italy developing operational Early Warning Systems for 
coastal erosion and flooding as part of several major European 
Union research projects (MICORE and RISC-KIT).

Since returning to Australia in 2015, Mitchell has been leading 
the historic Narrabeen-Collaroy beach monitoring program, which 
celebrated 45 years of continuous beach monitoring in April 2021. 
As part of this program, Mitchell and his WRL research group have 
been advancing coastal monitoring technology across a number 
of scales and platforms, including Lidar, UAVs, satellites, trailcams 
and smartphones.

With the volume of coastal data growing at a rapid pace, 
Mitchell believes in maintaining the focus on “smart data” – data 
that directly assists with answering the key challenges facing 
coastal societies both now and into the future. This involves 
a combination of traditional coastal surveying and advanced 
remote sensing, but also more inclusive data collection involving 
communities.

Based on this, Mitchell (and colleagues at the NSW Department 
of Planning, Industry and Environment) founded the CoastSnap 
community-based monitoring program in 2017. This innovative 
program comprises a network of smartphone cradles, whereby 
community members take regular snaps of the beach and upload 
it to a centralised network. These photos are then processed to 
calculate shoreline change rates due to extreme storms, human 
activities and longer-term processes. In four years, this network 
has grown to over 110 stations in 16 countries, making it the 
largest integrated coastal monitoring network worldwide.

Manea Sweeney 

Pou Ārahi: Director, Engagement and 
Environments, Tonkin + Taylor Ltd

Talk title: Moving Mountains to reconnect 
communities – Lessons from the Kaikoura 
Earthquake Transport Infrastructure 
Recovery

Manea Sweeney is a Director of Tonkin + 
Taylor, specialising in the fields of coastal 
policy planning, engagement and mana 
whenua partnerships. With a background 
in policy and planning, she has been part 
of the leadership of many of New Zealand’s 
large coastal infrastructure projects, 
including leading the environmental and 
relationships portfolio for the Kaikoura 
Earthquake recovery as part of the North 
Canterbury Transport Infrastructure 
Recovery $1.3B works.

With a strong focus on uplifting mana  
Māori throughout her work, Manea is 
passionate about the value that Te Ao 
Maori can bring to understanding complex 
challenges such as climate change and 
disaster recovery. She was appointed as an 
iwi advisor as part of the team to deliver the 
National Climate Change Risk Assessment, 
is participating in the United Nations 
Data integration for climate & disaster risk 
reduction, and is currently working with 
mana whenua on an indigenous integrated 
framework for climate risk. Her work during 
COVID L4 Lockdown as part of the All of 
Government response focussed on building 
the National Welfare Plan, drawing on her 
expertise and knowledge on the challenges 
that exist for vulnerable communities, from 
inequalities in access to resources, and 
infrastructure.
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Panel Discussion: Coastal Hazard and Climate Change Adaptation – Does the theory meet the practice?  
A range of perspectives and opportunities

With sea levels projected to rise by up to 400 mm within 30 years and up to a metre by 2100, many low lying 
coastal and inland communities across the country need to understand and plan for increased flooding, erosion 
and rising groundwater. The theory behind adaptation planning has been extensively outlined in national 
guidance and is a strong focus for the research community. However, the practical realities of applying this 
approach to communities remains an issue. The focus of this special topic has been turning theory to practice for 
adaptation planning including establishing and building a mandate for adaptation work, keeping communities 
engaged and empowered throughout the process, minimising equity issues, and consideration of funding and 
implementation commitments. The panel brought many different perspectives and experiences to this debate. 

Panel Chair: Derek Todd, Principal Coastal Scientist, Jacobs

Panelists: 

• Sara Templeton, Christchurch City Council

• Katherine Wilson, Director, Climate Adaption & Evidence, Ministry for the Environment | Manatū Mō Te Taiao 

• Dr Rob Bell, Managing Director Bell Adapt Ltd. 

• Stuart Bettington, Technical Director Coastal and Maritime, Royal HaskoningDHV 

• Angus Jackson, Principal Engineer ICM.

 

Panels and Special Sessions 
Special topics have been developed to support issues that are of particular relevance to the conference theme 
or location or are topical at the moment. Special topics have included keynote speakers or panel discussions. 
Special topics for Coasts & Ports 2021 were:
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Panel Discussion: Indigenous Perspectives on Coastal and Port Environments

The Pacific Ocean, Te Moana-nui-a-Kiwa, is vast and its indigenous peoples have always been closely connected 
to the sea, both through long ocean going voyages and more locally through coastal settlements, livelihoods, 
and practices. The recognition of indigenous rights and the value of indigenous knowledge systems are integral 
features of coastal and port environmental management. This panel discussion covered theory and practice of 
planning and decision-making that recognises and accommodates indigenous and non-indigenous world views 
in addressing environmental management in port and coastal contexts.

Panel Chair: Andre Konia, Pou Ārahi, NIWA Taihoro Nukurangi

Panelists: 

• Makarini Rupene, Pou Matai Ko - Cultivating & Understanding of Mahinga Kai – Northern Environment 
Canterbury

• Tahu Stirling, Māori Development Advisor at Lyttelton Port Company 

• Courtney Bennett, Director, Senior Advisor Kete Planning Consultancy.

Panels and Special Sessions 
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Special Session: Hunga Tonga - Hunga Ha’apai 

At approximately 5pm local time (04:00 UTC) on 15 January 2022 the Hunga Tonga-Hunga Ha’apai volcano 
erupted explosively sending a volcanic plume over 55 km into the atmosphere and sending atmospheric 
pressure waves around the world several times over. The sound of the eruption was heard as far away as Canada. 
The volcanic eruption also generated a local tsunami that inundated substantial parts of Tongatapu and other 
islands in the Tongan Archipelago with runup over 15 m above sea level in places and a global tsunami that 
was measured all around the world. The local tsunami was likely generated by a range of mechanisms including 
the explosive eruption, pyroclastic flows from column collapse, as well as caldera and flank collapse and was 
reinforced by the atmospheric pressure wave. The far-field tsunami was generated as a volcanic meteo-tsunami 
by the rapidly moving atmospheric pressure disturbance - a phenomenon first identified in the 1883 Krakatau 
eruption in Indonesia.  This special session brought together experts from Tonga, Aotearoa and Australia to 
discuss all aspects of the event including the impacts of the volcano and tsunami in Tonga, the ongoing recovery 
and the relief efforts, as well as the best scientific understanding to date about the volcanic eruption, the 
mechanisms involved in the local and the far-field tsunamis and the observations and impacts of the tsunami in 
Aotearoa and Australia.

Session Chair: Dr Shaun Williams, Scientist Natural Hazards & Risks, NIWA Taihoro Nukurangi

Session Invited Speakers: 

• Taaniela Kula, Deputy Secretary at Ministry of Lands and Natural Resources, Tonga 

• Ofa Fa’anunu, Director of Meteorology and Coast Watch Services at Tonga Meteorological Services 

• Siautu Alefaio, Assoc. Prof., Massey University, Psychology 

• Emeline Afeaki-Mafile’o & Sana Vaifoou, Affirming Works

• James White, Prof., Univ. of Otago 

• Emily Lane, Principal Scientist, NIWA Taihoro Nukurangi

• Prof Charitha Pattiaratchi, The University Of Western Australia

• Gareth Davies, Geoscience Australia 

• Jose Borrero, Director - ECoast 

 

1818



Special Session: Coastal Earthquake Resilience 
and Recovery

The Christchurch and Kaikōura Earthquakes 
caused significant impacts to the natural and built 
environments that include lasting changes to coastal 
communities and ecosystems at a considerable 
scale. While much of the initial effects were 
destructive, the earthquakes have also presented 
opportunities to rebuild better, taking into account 
changes in communities and accommodating future 
challenges. This special topic invited papers on 
the changes to natural systems, and the science, 
engineering, policy and community responses to 
these major events.

Session Chair: Dr Tom Shand, University of 
Auckland | Tonkin + Taylor Ltd.

Session Keynote: Manea Sweeney, Pou Ārahi: 
Director, Engagement and Environments, Tonkin 
+ Taylor Ltd.  Moving Mountains to reconnect 
communities – Lessons from the Kaikoura 
Earthquake Transport Infrastructure Recovery

Special Session: Emerging Technologies in 
Coastal Science and Engineering

Coastal science and engineering is dependent 
on our understanding of the natural systems and 
processes. Recent advances in technology have 
greatly increased the volume, frequency and quality 
of data that can be obtained. This special topic 
invited papers on emerging technologies including 
(but not limited to) mobile technologies, remote 
sensing (e.g. satellite/ UAV imagery), remote vehicle 
and machine learning applications.

Session Chair: Ian Coghlan, UNSW Water Research 
Laboratory

Session Keynote: Dr Mitchell Harley, Scientia 
Senior Lecturer, UNSW Water Research Laboratory. 
Emerging Technologies in Coastal Science and 
Engineering

Special Session and Workshop: Surf Science, 
Engineering and Management

The surf zone is one of the most dynamic, energetic 
and resource rich coastal zones, extending from the 
shoreline to the edge of the breakers. This topic 
invited papers concerned with any aspect of surf 
zone use, management, science and engineering, 
including (1) the morphodynamics of surf zone 
waves, currents and sediment transport; (2) applied 
science applications such as recreational amenity 
(e.g. surf break engineering and modelling) and 
beach safety; and (3) community engagement 
with and values relating to surf zones and their 
management.

The workshop was facilitated by the Aotearoa 
New Zealand Association for Surfing Research and 
contributes to a new project on research priorities 
within the surf science & management field. The 
workshop session discussed and analysed a set of 
case study examples submitted in pre-workshop 
activities from which other research topics and 
priorities were identified to generate a diverse set 
of ideas. The next stage of the project will use an 
online survey to collect a further round of coastal 
science and management perspectives (see www.
anzasr.org).

Session and Workshop Chairs: Dr Shane Orchard, 
University of Canterbury; Ed Atkin, Director eCoast 

1919



Special Session: Special Session on Contemporary 
Coastal Challenges

Approaches to managing the dynamic coastline 
of Australia and New Zealand is an evolving 
field, subject to changes in policy, new science, 
engineering techniques and community 
expectations. This session invited speakers 
to present to the conference on relevant and 
contemporary coastal challenges including 
balancing coastal protection with community 
expectation and incorporating ecosystem services 
into engineering approaches. 

Session Chair: Mark Ivamy, New Zealand Coastal 
Society Co-Chair, Bay of Plenty Regional Council

Session Invited Speakers: 

• Peter Horton, Principal Coastal Engineer, Horton 
Coastal Engineering Pty Ltd. Construction of 
Private Seawalls at Collaroy-Narrabeen Beach 
– a 19th Century Approach to a 21st Century 
Problem? 

• Rebecca Morris, Program Lead – Eco-
engineering, National Centre for Coasts and 
Climate, University Of Melbourne. Nature Based 
Guidelines

• Matthew Allen, Founder, Business Development 
Manager, Subcon. Ecosystem Engineering – 
Habitat Inclusive Design to Address Coastal 
Challenges

NextGen Lightning Talks

NextGen Lightning Talks replaced posters at 
Coasts & Ports 2021 as a way of bringing the next 
generation of researchers and young professionals 
into the spotlight. These talks included 5 min 
‘lightening’ presentations followed by 3 mins of 
Q&A. This session was a great success with some 
fantastic talks by passionate and capable NextGen 
presenters. The future of coastal science and 
engineering is bright. 

Session Chair: Eddie Beetham, Tonkin & Taylor

Lightning Talks: 

• Mojgan Razzaghi, The University of Waikato 
Tidal attenuation and salinity regimes in a 
highly modified shallow estuary: Te Awa o 
Ngātoroirangi (the Maketū Estuary)

• Cristina Viola. Impacts of Pacific and Southern 
Ocean Climate Modes on New South Wales Tidal 
Residuals, Australia

• Holly Blakely, The University of Auckland. The 
exposure and adaptation of coastal infrastructure 
to wave overtopping in New Zealand

• Madeline Witney, The University of Auckland. 
Coastal structure stability and failure mechanisms 
in New Zealand

• Matthew Hayward, The University of Auckland. 
Submarine explosive volcanism – numerical 
modelling of tsunami hazard

• Akuhata Bailey-Winiata, The University of 
Waikato. Coastal marae and urupā: What about 
sea level rise?

• João Claudio Mussi De Albuquerque, The 
University of Auckland Metocean Solutions. On 
the projected wave climate of New Zealand
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Panel Discussion: Women in Coastal Geoscience 
and Engineering

“Career reflections: Career journeys and how do we 
work for inclusion?”

Summary This brought together colleagues of all 
genders to discuss how our profession can move 
positively forward in promoting equal opportunity 
for all. We discussed the challenges associated 
with stereotypes – from young females being given 
‘pink tasks’, to gay men being excluded from social 
networking events at work as they were perceived 
to not enjoy sports, to those navigating how to be 
true to all facets of one’s culture and history. Despite 
these challenges, we also heard how our panelists 
have moved beyond them and have advocated for 
others and called out unacceptable behaviour.  We 
thank our panelists for being so open, vulnerable 
and generous with their stories and furthering 
discussion on how we can (and must) work better for 
inclusion in the future.

Panel Chair: Assoc Prof. Kristen Splinter, Water 
Research Laboratory, University of New South Wales

Panel Coordinator: Dr Shari Gallop, University of 
Waikato

Panel Participants:

• Manea Sweeney, Pou Ārahi: Director, 
Engagement and Environments, Tonkin + Taylor

• Mandi Thran, Research Associate, Water 
Research Laboratory, University of New South 
Wales

• Michael Sanders, Director Maritime, Royal 
Haskoningdhv

• Derek Todd, Principal Coastal And Hazards 
Scientist, Jacobs New Zealand Ltd

• Kelly Dombroski, University of Canterbury

Panel Discussion:  PIANC Young Professionals 
Panel Event

Summary: About 45 young professionals from a 
wide variety of backgrounds enjoyed an online 
networking and mentoring session where they heard 
from 4 experienced panellists from engineering 
or coastal science and had the opportunity to 
network with each other and to quiz the panellists 
about professional and personal development. The 
panellists shared their individual stories and offered 
advice on what young professionals should do to 
develop themselves and approach their careers. 
Among other well received words of wisdom, 
participants learned the values of striking a life-
work balance early in their careers, how to leverage 
personal development opportunities outside work, 
how confidence and leadership skills can be learned, 
and they heard about the value of being assertive 
and seeking exposure to a range of experiences 
and in proactively developing one’s professional 
network.

Panel Chair: Claire Treeby, Senior Ports Engineer 
with Hatch and PIANC Young Professionals Chair for 
Australia

Panel Organizers: Tom Burkitt (DHI), Claire Treeby 
(Hatch), Bridget Allan (BECA), Renee Bennett 
(Encanta)

Panel Participants: 

• Dr Rochelle Macdonald, Independent & 
Experienced Maritime Executive

• Greg McMullan, Ports Engineer, WSP, NZ

• Dr. Dierdre Hart, Principal Coastal Scientist, 
University of Canterbury, NZ

• Dr. William Glamore, Professor and Principal 
Research Fellow, University of NWS Water 
Research Laboratory 
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Awards

DN Foster Award:
Nikolay Kumsiashvili, UNSW Sydney

Rachel Taylor, UNSW Sydney

Daniel Horton, UNSW Sydney

Jonathan Chan, UNSW Sydney

 

Kevin Stark Award:
Influence of Water Level on Wave 
Uplift Loading for a Cantilevered 
Walkway above a Vertical Seawall

Ian Coghlan, UNSW Water Research 
Laboratory

 

PIANC Young Authors 
Award:
A Methodology to Design a Rational 
Static Underkeel Clearance Rule for 
Dredging and Port Operations

Mark Bennet, OMC International

 

Women in Coastal 
Geoscience and Engineering 
Award:
Variability in Measured Wave Runup 
Along Irregular Coastlines Using 
Observations in Albany, Western Australia

Carly Portch, Oceans Graduate School, The 
University of Western Australia

NZCS Student Award:
Hydrodynamic Modelling of Tsunami 
Inundation Behaviour in Urban 
Environments

Scott Murray, Tonkin + Taylor

 

eCoast Sustainability Award:
Co-Design of an Innovative Urban 
Shellfish Restoration Project

Marcus Cameron, Tonkin + Taylor

 

NextGEN Lightning Award:
Coastal Marae and Urupā: What 
About Sea Level Rise?

Akuhata Bailey-Winiata, The 
University of Waikato
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The LOC made an early commitment to ensure that Coasts & Ports 2021 would be a truly sustainable event with 
a negligible environmental and carbon footprint. This involved ensuring that all items in the delegate satchels 
and gift packs were sustainably sourced, and that we offset all emissions from activities performed during event 
preparation, satchel delivery, attendance, and post event administration. With the shift to the virtual format, we 
reduced our carbon footprint to 5.01 tCOE2, and have invested in NZ based native forestry offsets equivalent to 
10.21 tCO2e to offset 200% or twice the total emissions for the event.

With this commitment and achievement, we are pleased to confirm that C&P 2021 has become the first certified 
Climate Positive conference to be run in Australasia. To be verified and certified as Climate Positive requires that 
at least 120% of associated emissions are verified and offset, and we’ve deliberately offset more than that. We 
hope this sets a strong precedent for future C&P conferences to follow.

If we commit to a climate positive outcome for all future events, then we may – over time – be able to offset the 
emissions from all C&P conferences past, present, and future. That would be true climate leadership. We thank 
the support of WSP, Ekos Kamahi Ltd. and Tonkin & Taylor in assessing and offsetting the carbon footprint. 

LOC Champion: Tom Burkitt, DHI; Emily Lane, NIWA, Marion Schoenfeld, Christchurch City Council

Panels and Special Sessions 
Conference Sustainability
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Virtual Field Trips  
Ports and Coasts 2021 adapted original three field trip options -  a tour of the Christchurch urban coastline, a 
tour of Lyttelton Harbour and Port, and a tour of central Christchurch with a focus on the 2010/11 earthquake 
recovery of the CBD – to virtual field trips using ArcGIS Story Maps. 

1. Whakaraupō/Lyttelton Harbour and Port Tour

Alistair Boyce (Lyttelton Port Company) & Justin Cope (Environment Canterbury)

https://storymaps.arcgis.com/stories/596545d10eef42769d6b747cdc3df73a

Whakaraupō/Lyttelton Harbour  is one of two major inlets in Banks Peninsula,  the other being Akaroa Harbour 
on the southern coast. Whakaraupō translates to English as the bay or harbour of raupō.  This name came from 
a swamp of raupō reeds that grew prolifically in the vicinity of Ōhinetahi, or Governor’s Bay, at the head of the 
harbour.

Banks Peninsula first emerged as an island thrust out of the sea by volcanic eruptions estimated to have started 
between 10 and 15 million years ago.  Whakaraupō/Lyttelton Harbour  was formed by erosion of the Banks 
Peninsula Volcano.  As the volcano eroded, the calderas formed by the eruptions were flooded, forming both of 
the main harbours on the Peninsula - Lyttelton and Akaroa.

Lyttelton Port  was founded in 1849, with the first construction works commencing that year. The Port is situated 
in Lyttelton Harbour, a natural 13km long inlet running westwards in the north-west of Banks Peninsula. Rail and 
road tunnels link the Port to the city of Christchurch on the northern side of the Port Hills.

The Port has grown continuously over the last 173 years as Christchurch has grown, and is now the third biggest 
Port in New Zealand. The Port serves Christchurch and the wider Canterbury region for the import and export 
of a large range of goods, including containers, logs, fuel, other bulk products and cars. LPC also operates 
two inland ports in Woolston and Rolleston and has direct rail links between these inland ports and the Port in 
Lyttelton.
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2. Ōtautahi/Christchurch Urban Coastline Tour 

Justin Cope - Environment Canterbury

https://storymaps.arcgis.com/stories/abb625b660974d70b1aa40fe2ed8eaaa

The Christchurch urban coastline occupies the southern 10km of the southern Pegasus Bay littoral cell. Fed by 
alpine derived greywacke sand from the Waimakariri river, the Christchurch coast is characterised by fine-grained, 
dissipative sandy beaches backed by dunes along most of its length and terminating in a narrow, urbanised and 
dynamic spit which encloses the 8km2 Ihutai/Avon-Heathcote Estuary. Ihutai is the largest semi-enclosed shallow 
estuary in Canterbury, is well known as an internationally important habitat for migratory birds and is one of New 
Zealand’s most important coastal wetlands. 

Ever since the destruction of much of the native dune vegetation of the coastal dunes through early burning and 
overgrazing by early European settlers the Christchurch coast has been the focus of coastal revegetation and 
restoration programmes, in early years using exotic species and more recently utilising native coastal vegetation 
and natural regenerative approaches.

Historic development on and around the spit and estuary margins offer significant coastal management 
challenges particularly in light of the 2010/2011 Canterbury Earthquake Sequence which has exacerbated multi-
hazard risk due to differential land settlement and damage to private and public assets, all in the face of rising 
sea levels.

New coastal developments aimed at rebuilding and revitalising the local economies of the coastal suburbs 
of Christchurch post-earthquakes are underway  but these have to be carefully managed to ensure adequate 
environmental protection alongside adequate climate change future proofing and adaptation.

Follow along the tour as we move south from the Waimakariri River towards Sumner, exploring some natural and 
cultural history along the way.
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3. A Virtual “Walking” Tour of Central Christchurch

Dr Martin Single - Shore Processes and Management Ltd

https://storymaps.arcgis.com/stories/8c9665c6470f4f2c8c12860bffd5ff1c

Welcome to our alternative “walking” tour of the Christchurch CBD. This StoryMap alternative can only give you 
a taste of the Christchurch inner city. My intent is not to replace the physical experience of roaming the streets or 
to replace the commentary of an experienced urban guide, but to provide some snippets of interest with regard 
to the changing environment, stories behind some locations that aren’t in the usual guidebooks, and avenues to 
follow (or rabbit holes to go down) for more in-depth cover. 

My background is in coastal geomorphology and resource management, so I will slide some geomorphological 
environmental development into the story, but Te Pae is over 8 km from the beach so don’t worry about getting 
sand in your lunchbox. 

Christchurch has had to adapt in response to the changing physical and social environment, and even 11 years 
after the devastating earthquakes of 2010 and 2011 that adaption through recovery and rebuilding of the city 
infrastructure is ongoing. COVID-19 really has slowed down the progress of social adaption to the changing city, 
but the basis is there for the urban community to thrive and flourish in the near future.

So, take a rest from intense conference concentration, and click your way through the StoryMap. Hopefully you 
find something new and of interest, and don’t forget to make a list of what you need to see when you do get to 
visit this rapidly changing, resilient city.
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Mangroves, Low-lying Land and Sea-level Rise 
 

Karin R. Bryan1, Hieu M. Nuygen1, John Montgomery1 
1 Environmental Research Institute, University of Waikato, Hamilton, New Zealand; 

karin.bryan@waikato.ac.nz  

 
Sea level rise predictions for New Zealand are becoming increasingly certain, and now more than ever, coastal 
managers need to make robust plans for coastal communities to adapt to the coming changes. One potential 
adaptation pathway for low-lying rural land is that we change the land-use and restore the land to its native 
habitat of coastal wetland. Low lying agricultural land can require intensive and costly drainage, while 
contributing disproportionately to atmospheric carbon emmisions. Conversely, coastal wetland is known for its 
ability to sequester and bury carbon. Mangroves are particularly known for their capacity to trap carbon, largely 
due to their dense and deeply rooted systems.  
 

In a global effort to protect existing mangrove areas and re-establish former mangrove areas, the 
ability of mangroves to protect coastal land against rising sealevels and coastal storms is often highlighted as 
an added benefit. The evidence for protection against wind waves is compelling, but recent evidence has 
shown that the protective capacity is strongly dependent on wave period. Short period waves respond quickly 
to the dissipative effect of roots and tree stems, whereas the evidence against protection against the much 
longer period waves like surges and king tides is less clear. Longer period waves tend to react more the large-
scale geometry of the system, such as the accomodation space, the overall water depth and the existance of 
chanelisation. Moreover, it is not clear how these geometrical considerations might change as the coastline 
morphology responds to the changing sea level.  

 
This presentation will explore how different aspects of the coastal morphology contribute to changes 

in hydrodynamics across mangrove-dominated areas. Current and potential changes to the distribution of 
sediment transport pathways will be demonstrated by manipulations in idealised Delft3D modelling scenarios. 
Results show that the existence of channels and the overall extend of the mangrove forest play a much greater 
role in shaping pathways than the density of trees in the intertidal. Scenarios are constrained by emulating the 
characteristics of a site (Pahoia) in Tauranga Harbour.  Additional scenarios, using even simpler set ups 
designed to reflect conditions at the Firth of Thames and including morphological change,  show that 
predictions of changes into the future depend subtly on the balance between sediment supply and 
accumulation, which can ultimately determine the impact on accomodation space and channel development. 
In these second set of scenarios, the sediment properties are changed during exposure so that both the erosion 
rate and the critical erosion threshold are made to be dependant on exposure temperature. In these cases, 
the shape of the intertidal profile and the generation of channels is shown to be susceptable to changes in 
erosion characteristics. The profile is likely to become steeper on the lower  intertidal, and flatter in the intertidal.  

 
These experiments highlight the role of morphodynamic complexity in determining how the coastline 

might respond to storms and change conditions. Nevertheless, there are still clear messages which can be 
used to inform coastal adaption strategies.  
  

 
 

Figure 1  Storm surge at the seaward fringe of the mangroves (Avicennia marina subsp. australasica) in the Firth of 
Thames. Photo: Erik Horstman. 

 
Keywords: Coastal protection, Soft engineering solutions, Firth of Thames, Tauranga, Numerical modelling 
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Supply Chain Resilience & Climate Change Adaptation Planning for 
Ports 

 
Marika Calfas1 

1 NSW Ports Chief Executive Officer & Australian Representative to PIANC Environmental Commission  

 
 

NSW Ports is the port manager of two key trade gateways in NSW, Australia - Port Botany and Port Kembla. 
This address will open with a high level overview of port supply chain impacts in NSW throughout the Covid-
19 pandemic, progressing to a discussion of NSW Ports’ climate change risk assessments and concluding 
with a discussion on PIANC (The International Waterborne Transport Association) climate related guidance 
documents. 
 
Supply Chain Disruptions 
Significant disruption in maritime supply chains has occurred globally as a result of the Covid-19 pandemic. 
Global demand for goods skyrocketed whilst capacity to deliver was impacted by manufacturing shut-downs, 
supply chain labour shortages and landside capacity constraints. This has resulted in dramatic increases in 
the cost of shipping and significant delivery delays. The impact of global shipping disruptions on port supply 
chains in NSW and the ports’ resilience to meet changing trade needs, manage labour disputes and cope with 
unreliable shipping services will be covered. 
 
Port Climate Change Risk Assessments 
NSW Ports conducted a climate change risk assessment in 2015 and again in 2021. Whilst most ports are 
aware of the need to conduct climate change risk assessments, greater collaboration and sharing of data is 
required to build data sets required to establish trends that may be associated with climate change and to 
collectively build resilience at the ports and across the connecting port supply chains. 
 
This presentation will share the changes that have occurred across the two climate change risk assessments 
and will discuss the key gaps in climate change projections and next steps. 
 
PIANC Climate Related Guidance Documents 
PIANC’s Environmental Commission and Permanent Task Group on Climate Change continue to develop 
technical guidance documents, some of which are directly relevant to climate change and port adaptation 
considerations. Recent examples include reports on carbon management for port and navigation infrastructure 
(report no. 188), resilience of maritime and inland waterborne transport systems (report no. 193) and climate 
change adaptation planning for ports and inland waterways (report no. 178). 
 
This presentation will include discussion of PIANC’s guidance documents in assessing resilience and 
adaptation requirements. 
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2011 Tohoku Earthquake and Tsunami, the Aftermath and the Recovery 
Process 

 
Tomoya Shibayama1 

1 Waseda University, Shinjuku-ku, Tokyo, JAPAN  

 
Eleven years have passed since the 2011 Tohoku Earthquake and Tsunami (Tohoku tsunami) attacked the 
north coastline of Japan. After the tsunami, there was a major change in the engineering coastal disaster 
prevention philosophy regarding how to protect coastal areas from tsunamis. As a result, two levels of 
protection have been established. The "tsunami protection level" (level 1) is the level of the tsunami that can 
be handled by structures such as seawalls and represent the height of the tsunami used in the design of 
coastal protection facilities. The "tsunami protection level" represents an event with a return period of once 
every 100 years. The "tsunami disaster mitigation level" (level 2) is above the "protection level" and is the level 
of tsunami used for evacuation planning, representing the maximum height of the wave that can be expected 
in order to ensure the preservation of the life of coastal residents (with a return period of once every 1000 
years or more). 
 
In the aftermath of the Tohoku tsunami disaster, recovery activities were carried out through the use of 
consensus building in each region, using a 32 trillion yen (300 billion USD) reconstruction budget. Different 
choices were made in each region based on local disaster experience and the history of the community. The 
following are some of the most common choices, which represent instructive examples of the strategies that 
other coastal communities elsewhere in the planet might have to make decisions on following future tsunami 
events: 
 

1) To rebuild the community by building higher and stronger tsunami seawalls to prepare for the next 
event: In Taro District, the 10.0 m tsunami embankment before the Tohoku Tsunami was overtopped 
and destroyed by the overflow, so a new 14.7m embankment was built closer to the coastline. 

2) To raise the ground level of entire towns using material sourced from nearby mountains: In 
Rikuzentakata, a new urban area was built on top of the old one, 10-12 m above sea level. The 
surrounding hills (45 ha) and the new artificial hill (91 ha) were combined to create the new residential 
area. 

3) To re-designate the urban zoning of towns: In Onagawa, the old town is still used as a commercial 
area for shopping and the railway station remains in its original place. However, all residential areas 
are now on top of a natural hill, and residents were relocated to it. 

4) To retreat and abandon a settlement completely: The Arahama area was developed as a bedroom 
town for Sendai City before the tsunami. However, following this event, the settlement was abandoned, 
and all residents moved out and withdrew from this area. 

Keywords: Tsunami, Recovery, Tohoku, Evacuation, Coastal Disasters 
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Ecosystem Engineering – Habitat Inclusive Design to Address Coastal 
Challenges 

 
Matthew Allen1 

1 Subcon International Pty Ltd, Perth, Australia; matt@subcon.com   

 
. 
Habitat inclusive design is being promoted heavily as a tool to increase coastal resilience and enhance 
fisheries productivity.  Generally the approaches taken to date focus on one signle solution type and are 
therefore limited in their ability to provide a wholistic solution to contempoprary coastal challenges. 
 
Novel apporaches integrate habitat into the designs for coastal infrastructure combining a range of solutions 
to deliver ecosystems that enable coastal communities to thrive. However up take of these solutions remains 
a challenge and the transition of nature inclusive design from scientific theory and experiementation to large 
scale engineering implementation faces multiple barriers. 
 
Looking through the lense of an engineer who has delivered over 30 marine habitat projects globally, 
Ecosystem Engineering presents some exciting case studies whilst exploring these barriers preventing the 
uptake of nature incusive design.  Ecosystem engineering guidelines and standards, the role of professional 
indemnity insurers, government procurement processes and public perception all play a role in innovation and 
implementation.  Most importantly, understanding the economics that bring these aspects together to address 
a need for clients is critical to creating sustainable business models. 
 
From the tropical shores of Mauritius to the Beach Breaks of the Gold Coast, Nature Ecosystem Engineering 
is being used to promote tourism, build resilient shorelines, repurpose retired assets whilst creating an 
abundant and ecologically diverse marine environment.  
  

 
Figure 1  King Reef, Exmouth Gulf (Source: https://www.bluemediaphotography.com, 2021) integrated circular economy 
and nature inclusive design principals to create a complex ecosystem in a traditional trawl ground.  The reef is restoring 
sponge gardens and coral reefs and providing a nurseury habitat for important species like juvenile red emporer. 

 
Engineering Ecosystems, Working With Nature, Nature Inclusive Design, Reefs. 
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Emerging Technologies in Coastal Science and Engineering  
Mitchell D. Harley1 

1 Water Research Laboratory, School of UNSW , Sydney, Australia; m.harley@unsw.edu.au 
 

 
The last few decades have seen an incredible emergence of new technologies to address coastal science and 
engineering challenges. In my own career, the introduction of carrier-phase GPS receivers in the early 2000s 
enabled high-accuracy point measurents to be undertaken on-the-fly for the first time. This opened up new 
opportunities to rapidly collect 2D transect information of coastal change, or be mounted to an all-terrain vehicle 
for pseudo 3D measurements. In the subsequent two decades, the scale, frequency and type of of data 
collection has increased exponentially. This has seen the emergence of innovative technologies such as multi-
rotor and fixed wing UAVs, continuously-scanning Lidar, Uncrewed Surface Vehicles, crowd-sourced 
smartphone data and much more. With every new technology the lens of observing has grown ever sharper, 
enabling features to be resolved at the scale of small footprints in the sand, or rapid changes in bed level 
during a single swash cycle. 
 
Now in 2021 we are at the cusp of (or have already entered?) a new era defined by satellites and machine 
learning. While the satellite era has been around since the 1970s, a number of innovations have seen an 
enourmous paradigm shift in a very short period of time: 1) the increased availability of satellite imagery on 
platforms like Google Earth Engine or Geoscience Australia’s Open Data Cube; 2) cloud computing facilities 
to analyse these data from a simple desktop computer; 3) advanced remote sensing algorithms; and 4) new 
satellite missions with enhanced sensors and coverage. Some notable uses of this technology in the field of 
coastal science and engineering already include national and global-scale analyses of sandy shoreline trends, 
seamless 3D data collection of the entire coastal zone and broad-scale coastal teleconnections with climate 
cycles like ENSO. 
 
This keynote talk to open the special session on Emerging Technologies in Coastal Science and Engineering 
will present an overview of technological developments over the past two decades and reflect on how new 
technologies might be applied in the coming years to improve coastal decision making. 
  

 
 
Figure 1  A sharpening of focus of satellite remote sensing on the coast, from Landsat-8 (15 m pixel resolutions) to 
Worldview-3 (0.3 m resolution). Adapted from Turner et al., (2021) 

 
Keywords: satellite remote sensing, coastal monitoring, machine learning, shoreline detection, citizen science 
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Construction of Private Seawalls at Collaroy-Narrabeen Beach – a 19th 
Century Approach to a 21st Century Problem? 
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In June 2016, beach erosion damaged a number of beachfront properties at Collaroy-Narrabeen Beach in 
Sydney, Australia.  This was the impetus for owners at 45 properties to consider the necessity and cost benefit 
of constructing (generally upgrading) coastal protection works to reduce the risk to development.  Almost six 
later, vertical concrete seawalls are almost fully constructed at 16 properties, and construction of a rock 
revetment is about to commence at 10 properties.  In the talk, the processes in selecting the designs are 
outlined. 
 
Although no particular event had created news, the seawall construction became newsworthy in February 
2021.  Some of the LinkedIn comments included “maladaptation”, “massive disconnect between the science, 
and management”, “people will be complaining within 6 months of its completion that there is no beach at high 
tide and its unsafe”, and “so many jurisdictions will take a 19th Century approach to a 21st century problem”.  
These comments on LinkedIn were made by people who would claim to follow a scientific method based on 
evidence.  In the talk, the evidence is presented that there was a robust assessment of coastal processes in 
the project, the outcome implemented was a better outcome for the beach than the status quo, that there will 
generally be a healthy beach width over the design life of the works, and how a ‘retreat’ outcome was not 
feasible..  
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Coastal marae and urupā: What about sea level rise? 
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In Aotearoa New Zealand, Māori (the Indigenous peoples) are deeply connected to  places and the 
surrounding environment. A key aspect of Māori identity is the marae, which is a complex of buildings 
integral to Māori community, including a wharenui (meeting house). Marae often have an associated urupā 
(burial ground), where the people who have whakapapa (genealogical links) to the marae are buried when 
they pass on. Marae and their associated urupā are a physcial connection between the living and non-living, 
and due to their historical (and current) requirements to support and sustain people, many are situated on 
the low-lying coast, for ease of access to kaimoana (seafood), transport and trade. In modern times with the 
impacts of climate change such as sea level rise (SLR), many coastal marae are at risk of inundation and 
erosion; 191 coastal marae are within 1 km of the coastline. Therefore, this research investigated the 
potential exposure to SLR of coastal marae nationally with a case study of coastal urupā within the Bay of 
Plenty region. We assess exposure to a 100 year annual recurrence interval extreme sea level event (100 
year ESL) at current mean sea level (MSL), and with 10 cm increments of SLR up to 3 m. There were 6 
coastal marae and 2 coastal urupā identified to potentially be exposed to a 100 year ESL event at current 
MSL. We also explore the role coastal geomorphology plays in the response to SLR as it is often neglected 
in large scale exposure assessments. Coastal marae and urupā were categorised into geomorphic types. Of 
the 6 coastal marae exposed to a 100 year ESL, shallow drowned valleys were the most common 
geomorphic type which generally respond to SLR with inundation of low-lying land, submerging intertidal 
habitats such as mahinga kai (traditional food gathering sites) and disrupting tidal and sediment dynamics. 
The role of geomorphology as well as the needs and aspirations of the communities affected need to be 
considered in management solutions. Where holistic, inclusive and innovative solutions lead by the affected 
communities is needed.  
 
 

 
Figure 1  Aotearoa New Zealand coastal marae categorised into rohe (larger tribal groups) with n = number of coastal 
marae in each rohe 
 
Keywords: Climate-change, coastal-geomorphology, coastal-flooding 
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Overtopping is already becoming a prevalent issue in localised areas across New Zealand’s coastline. The 
combination of storm surge, such as that experienced with ex-tropical cyclones Gita and Fehi in 2018,   with 
perigean spring tide events has become a driver for coastal inundation across the country. Overtopping within 
New Zealand is strongly controlled by tidal water levels, with overtopping occurring when high perigean spring 
tides combine with storm surge events. Figure 1 outlines the coastal processes contributing to wave 
overtopping.  The strong dependency of overtopping in New Zealand on the mean sea level means that sea-
level rise (SLR) will drive an increase in frequency and spatial distribution of overtopping events. This increase 
in the frequency of overtopping events emphasises the need for understanding of both existing and future 
exposures to coastal defence structures along New Zealand’s coastline.  
 

 
Figure 1  Coastal processes diagram, from the offshore environment to impacting overland flow. Intervention stages for 
adaptation are shown in red. 

 
Analysis of overtopping in relation to a New Zealand context identifies the need for increased monitoring of 
overtopping to better identify areas that are or will become, exposed to coastal inundation. This monitoring will 
inform the need for adaptation of existing infrastructure and allow for the development of ‘tolerable’ limits on 
overtopping within New Zealand.  By conducting a case study analysis, it is found that overtopping adaptation 
methods that have been used within New Zealand have primarily been concentrated in the onshore 
environment with strategies that aim to prevent or mitigate wave overtopping (e.g raising the structure crest 
height, incorporating recurve walls, or raising road levels). However, by reviewing the overtopping process in 
a broader sense (Figure 1), it can be seen that there are other stages where adaptation strategies can be 
implemented. Offshore adaptation concentrates on reducing the wave energy transmitted to the nearshore 
environment. Adaptation to overland flow allows overtopping to occur at the crest of the structure but is focused 
on mitigating impacts to properties, assets, and people within the vicinity of the coastal defence structure. This 
is not a strategy that has been traditionally been used to adapt to overtopping, but is strongly aligned with a 
Dynamic Adaptative Pathways Planning (DAPP) framework as different adaptation solutions with different 
outcomes can be explored across these three stages and implemented in a pathway network.  
 
Further to this, it is noted that traditional adaptation strategies within the New Zealand coastal environment, 
typically consist of ‘hard’ engineered solutions. With an increasing emphasis on incorporating nature-based 
strategies into the global coastal environment, ‘soft’, ‘hard’, and ‘hybrid’ (combined ‘soft’ and ‘hard’) engineering 
techniques have been explored at each of the three critical adaptation stages (adaptation offshore, adaptation 
onshore, and adaptation to overland flow). By exploring strategies at each of these critical stages, a decision 
matrix for adaptation decisions regarding wave overtopping within New Zealand has been developed.  
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The future wave climate of New Zealand was derived from global circulation models 
(GCM) of the fifth phase of the Climate Model Intercomparison Project (CMIP5) for 
different representative concentration pathways (RCPs) and time-slices. Wave 
boundaries from historical and projected wave climate of the ACCESS1.0, MIROC5 and 
CNRM-CM5 models were sourced from the Coordinated Ocean Wave Climate Project 
(COWCLIP) and downscaled using the SWAN wave model. 
 
Models' historical simulations were evaluated against a regional hindcast, and the 
anomaly between GCM historical and projected periods were calculated and assessed. 
The projected changes of the model that better represented the regional wave climate 
were analysed, together with the convergence in sign of such changes between the 
three models. 
 
A general increase in wave height and period was observed along the south/west, 
together with a decrease in the same wave parameters along the north/east coasts. 
Mean wave height positive anomaly is larger for RCP4.5 than for RCP8.5 while Hs 
negative anomaly is slightly larger in RCP8.5 compared to RCP4.5. Positive anomaly 
observed for extreme wave heights (99th percentile) is larger in RCP8.5. The wave 
direction anomaly is counter-clockwise along the west and clockwise along the east 
coasts of the country. 
 
The observed changes are in line with previous research and, according to the available 
literature, these anomalies are explained by changes in large scale atmosphere 
circulation patterns. In particular, a poleward shift and intensification of the westerly jet, 
and a southward shift of the high-pressure sub-tropical ridge. 
 
The present database has been made freely available and can be of great value for 
renewable energy research, risk assessment and the mitigation of future coastal 
hazards. 
 
Keywords: CMIP5, Global Climate Projections, New Zealand. 
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Understanding tides and predicting tidal heights in an extreme 
environment setting: Jang Bogo Antarctic Research Station in the Ross 
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The seas around Antarctica are is characterised by an interesting diversity of tidal regimes (Figure 1).  Accurate 
tidal height data for this area are much needed, given the crucial role of tides in the regional and global ocean, 
marine cryosphere, and climate processes. Obtaining long term sea level records for traditional tidal 
predictions is, however, extremely difficult around ice affected coasts. In Antarctica there is a paucity of in situ 
gauges, and major physical challenges to deploying and accessing temporary gauges. 
 
This talk draws on an open-access paper by Byun and Hart (2020), providing an introduction for researchers 
new to Antarctic coastal processes on the features and important roles of the tides in this extreme environment, 
including the importance of tides in sea ice formation and break up processes, in polar ecosystems, and in 
influencing land ice drainage via grounding zone processes. The unique Ross Sea tidal regimes described in 
this paper are situated within the wider Antarctic context using the tidal harmonic constants database of the 
Finite Element Solution 2014 (FES2014) model. We then evaluate the ability of a relatively new, tidal species 
based approach, the Complete Tidal Species Modulation with Tidal Constant Corrections (CTSM+TCC) 
method (Byun and Hart 2015), to accurately predict tides for a temporary observation station in the Ross Sea, 
using just over a day of in situ data plus long records from a neighbouring reference station. 
 
Predictions for the ‘mixed, mainly diurnal’ regime of Jang Bogo Antarctic Research Station (JBARS) were 
made and evaluated based on summertime (2017; and 2018 to 2019) short-term (25 hr) observations at this 
temporary site, along with tidal prediction data derived from year-long observations (2013) from the ‘diurnal’ 
regime of Cape Roberts (ROBT). Results reveal the CTSM+TCC method produces accurate (~5 cm Root 
Mean Square Errors) tidal predictions for JBARS when using short-term (25 hr) tidal data from periods with 
higher than average tidal ranges (i.e. those at high lunar declinations). Methods for determining optimal short-
term data collection periods, and the role of long period tides, to improve prediction accuracy are discussed. 
 

 
Figure 1  Tidal regimes around Antarctica classified according to form factor (F) values [amplitude ratio of (K1+O1)/(M2+S2) 
tides] using FES2014 model data. Diurnal tides (F>3) dominate the Weddell Sea while mixed, mainly diurnal (1:5<F<3); 
and mixed, mainly semidiurnal (0:25<F<1:5) forms dominate parts of the open coast and Ross Sea, respectively. The small 
magenta patch on the Antarctic Peninsula coast (72 deg S) indicates the only semidiurnal regime (F < 0:25) in the region. 
JBARS denotes the Republic of Korea’s Jang Bogo Antarctic Research Station while ROBT denotes Aotearoa New 
Zealand’s Cape Roberts tide gauge. 
 

Byun D-S. and Hart DE. (2020) Predicting tidal heights for extreme environments: From 25 h observations to 
accurate predictions at Jang Bogo Antarctic Research Station, Ross Sea, Antarctica. Ocean Science 16(5): 
1111-1124, http://dx.doi.org/10.5194/os-16-1111-2020. 
Byun, D-S. and Hart, DE. (2015) Predicting tidal heights for new locations using 25h of in situ sea level 
observations plus reference site records: A complete tidal species modulation with tidal constant corrections, 
J. Atmos. Ocean. Tech. 32: 350–371, https://doi.org/10.1175/JTECH-D-14-00030.1. 
 
Keywords: extreme environment tides, tidal prediction, Ross Sea Antarctica, sea ice, land ice dynamics. 
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Against the background of climate change and sea level rise, biodiversity and nature conservation play an 
increasingly important role in technology and society as well as coastal engineering. Ecosystems like salt 
marshes provide regulating ecosystem services considering their energy reducing effects on incoming waves 
at the coastline and supporting sea dikes by strengthening the soil at the toe through their root system 
architecture.  

 
In this technical study laboratory experiments were conducted to investigate the influence of surrogate salt 
marsh meadows on hydraulic processes in a combined foreshore-dike-setup. A 10 m long foreshore of 0.15 m 
height with a 1:20 transition slope was built in front of a 1:6 sloped dike (Figure 1). For the surrogate vegetation 
meadow, cylindrical polyvinyl chloride rods with a diameter of 3 mm and a bending stiffness of 13121 Nmm² 
were uniformly arranged in two densities (200 and 400 m-2). Different meadow widths Bv (2.5, 5.0 and 7.5 m) 
and heights hv (0.10 and 0.25 m) were investigated for varying water depths on the foreshore h3 (0.25, 0.33 
and 0.50 m). Additionally, wave properties were generated in a large range with wave heights between 0.08 
and 0.20 m and wave periods between 1.0 and 5.0 s. The investigated relative vegetation height as a relation 
of the vegetation height to the water depth hv/h3 correlates to a range between 0.20 and 1.0. 
 
Wave reflection, wave transmission, wave set-up and wave run-up were analyzed. The combined system of 
foreshore and dike presents wave-vegetation-structure-interactions. The mean wave transmission of 0.77 
without foreshore vegetation compared to a mean transmission of 0.68 with surrogate vegetation results in a 
mean wave height reduction of 9% due to foreshore vegetation. The median wave set-up was reduced by up 
to 17.0% in the presence of foreshore vegetation. For the median wave run-up reduction values up to 16.5% 
were observed equivalently (Figure 2). Higher water depths, vegetation heights and densities result in higher 
wave energy reduction.   
 

 
Figure 1 Model setup in the wave flume with vegetation on the foreshore and 
a sea dike including the positions of the instrumentation (WGA = wave gauge 
array; SWL = still water level, C = Camera). 

 
Figure 2 Results of the wave run-up 
reduction for a water depth h3 = 
0.25 m on the foreshore. 

 
Keimer, K., Schürenkamp, D., Miescke, F., Kosmalla, V., Lojek, O., Goseberg, N. (2021). Ecohydraulics of 
Surrogate Salt Marshes for Coastal Protection: Wave–Vegetation Interaction and Related Hydrodynamics on 
Vegetated Foreshores at Sea Dikes, Journal of Waterway, Port, Coastal, and Ocean Engineering, Vol. 147, 
Issue 6. DOI: 10.1061/(ASCE)WW.1943-5460.0000667  
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Research Priorities and Emerging Issues in Coastal Geoscience and 
Engineering in Australia 
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This paper will present the results of a collaborative priority setting exercise to identify emerging issues and 
priorities in coastal geoscience and engineering (CGE). We use a ranking process to quantify the criticality of 
each priority from the perspective of Australian CGE researchers and practitioners. 74 activities were identified 
across seven categories: Data Collection and Collation, Coastal Dynamics and Processes, Modelling, 
Engineering Solutions, Coastal Hazards and Climate Change, Communication and Collaboration, and 
Infrastructure, Innovation and Funding. We found consistent and unanimous support for the vast majority of 
priorities identified by the CGE community, with 91% of priorities being allocated a score of ≥3 out of 5 (i.e., 
above average levels of support) by ≥75% of respondents. Data Collection and Collation priorities received 
the highest average score, significantly higher than four of the other six categories, with Coastal Hazards and 
Climate Change the second ranked category and Engineering Solutions the lowest scoring category.  

Of the 74 priorities identified, 11 received unified and strong support across the CGE community and indicate 
a critical need for: additional coastal data collection including topographic and bathymetric, hydrodynamic, 
oceanographic, and remotely sensed data; improved data compilation and access; improved understanding 
of extreme events and the quantification of future impacts of climate change on nearshore dynamics and 
coastal development; enhanced quantification of shoreline change and coastal inundation processes; and, 
additional funding to support CGE research and applications to mitigate and manage coastal hazards. These 
11 highest-scoring priorities all have large potential breadth of impact across the growth and application of 
knowledge and/or through the development of tools and solutions to address CGE problems.  

While each of the 74 priorities represent an area of focussed research identified by the community, most are 
not independent activities, with multiple co-dependencies between the priorities. For example, several priorities 
represent activities that would lead to enhanced understanding of coastal processes. Addressing these 
priorities would feed into other priorities that are focused on enhancing quantification of shoreline change and 
coastal inundation. Hence, understanding the linkages and co-dependencies between priorities is critical to 
ensure researchers take collaborative approaches to solving the most critical CGE problems and to obtain a 
clear perspective of how research in CGE will drive strong outcomes for society.  

In addition to the 74 priorities identified in this activity, several emerging themes were identified. Participant 
diversity has typically been lacking among CGE researchers and practitioners with, for example, a lack of 
female representation evident from the respondent demographics in this study. There is therefore a clear need 
to remove barriers to participation and enable participation and progression for a more diverse CGE researcher 
and stakeholder cohort. There was a strong need identified for more diverse models of communication and 
collaboration with bottom-up approaches highlighted as one means to a shift to more localised objectives 
centred around the needs of individual communities and to drive increased engagement by local communities. 
Learning from history was another emerging theme that highlighted a need to use learnings from the history 
of coastal management in Australia to inform future policy development and decision-making. Lastly, 
multidisciplinary approaches, such as those espoused by the Integrated Coastal Zone Management paradigm, 
and the need to include knowledge from more diverse fields (such as geology, ecosystem, biodiversity, and 
habitat processes and values, and cultural values) was also highlighted as an emerging theme.  

The outcomes of this priority setting exercise can be applied to guide policy development and decision-making 
in Australia and jurisdictions elsewhere. Further, the research and application needs identified here will 
contribute to addressing key practical challenges identified at a national level. Given the prevalence and 
commonalities of the challenges faced by coastal communities globally, the findings presented here are likely 
to be applicable to other settings. 

Keywords: coastal geoscience and engineering, research priorities, climate change, management, policy. 
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Te Awa o Ngātoroirangi (the Maketū Estuary) in the Bay of Plenty of Aotearoa New Zealand has had major shifts 
in the salinity regime, with a long history of engineering works on river inflows. The Kaituna River is the major 
freshwater input but was diverted out of the estuary in 1956-1957 to prevent flooding of surrounding farmland, 
resulting in degradation of the estuary, including increased sedimentation, loss of tidal channels, decreased 
flushing, saltwater intrusion and ecological decline. However, in 2020 and 2021, ~20% of the river flow was 
restored into the estuary in 2 stages, with a key goal being to restore the mauri (life force) of the estuary and 
kaimoana (sea food) for tangata whenua (Māori people of the land). This study focuses on the immediate effects 
of the Stage 1 restoration of the Kaituna River inflow on the estuarine salinity regime and tidal attenuation at 7 
sites throughout the estuary. Prior to the Stage 1 gate commission, 3 of the 12 one-way gates were open and on 
12th Feb 2021 6 more gates were commissioned (Stage 1), opening for ~5 hours on the flood tide. Here we 
present initial results from field measurements in 2020. Salinity varied substantially though out the estuary 
despite its small size (2.3 km2). Below we show an example of Site 4 in the upper estuary, ~ 500 m from the 
control gates (Fig. 1b). Data were averaged for 2 weeks before/after the additional 6 gates were commissioned. 
To account for fluctuations in external tidal forcing, water levels were divided by daily external tidal range for 
each 12.4 hour tidal cycle to give a water level ratio. The water level ratio increased by 46% on average and to a 
maximum of ~66 % (0.1 m) at high tide (Fig. 1a). Moreover, low water was delayed by ~1 hour (prolonging the 
ebb tide) compared to before the gates were commissioned, when there was little river inflow during the ebb tide. 
Current speeds towards the east (towards the marine inlet; Fig. 1b) near the bed increased by ~0.2 m/s during 
the flood tide, especially between hours 9 to 12 of each tidal cycle when the gates open to let freshwater in. Four 
sites including Sites 1, 2, 3 and 4 show a general reduction in salinity of up to 5 ppt, while the other 3 sites in the 
upper estuary (Sites 5, 6 and 7) undergo a slight increase, likely due to stratification from increased freshwater 
and salinity being trapped at the bottom at the location of the sensors. This research shows that restoring ~13% 
of the freshwater to this estuary substantially reduced salinity and increased currents—both encouraging signals 
for goal of improvement of the estuarine ecosystem.  

Figure 1 (a) changes in water level ratio (internal water level / external tidal range) where zero is the mean, salinity and 
current speeds at Site 4 for 2 weeks before (blue) and 2 weeks after (red) an additional 6 gates were opened, allowing 

~400,000 m3 (13%) of freshwater back into the Maketū Estuary over a few hours when river water level exceeds 

estuary water level, marked approximately by blue shading; and (b) bathymetry showing the site locations (circles) and 
Site 4 as a star.  
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Submarine volcanic eruptions have the potential to generate tsunamis which can cause destruction well 
beyond the range of the eruption itself. In this study, we present a series of physical experiments, in which 
non-condensing gas was injected into a tank with a range of water depths and applied pressures. We analyse 
the impact of the different water depths and initial gas pressures on the jet-plume motion, fountain generation 
and wave characteristics. Each eruption can be divided into three phases: a momentum-driven jet, a buoyancy-
driven plume, and a fountain-generation regime. Our experiments exhibit two fountain regimes (a dome regime 
and a finger regime), with a transition between them. Subsequent waves are mainly generated by the collapse 
of the fountain. Based on the tested water depths and source conditions, we classify underwater eruptions into 
three types: deep-water eruptions, intermediate-water eruptions, and shallow-water eruptions. In deep-water 
eruptions, most of the energy is dissipated within the water before the plume reaches the surface and negligible 
waves are generated. In intermediate-water eruptions, a decrease in water depth reduces the loss of energy 
to the water column, so more energy is available for wave generation. This causes an increase in wave heights 
as water shallows, up to a point. In shallow-water eruptions, the trend is the opposite of that for intermediate-
water cases, because the water depth is so small that almost all of the energy from the eruptive jet or plume 
passes through the water and is dissipated in air. Therefore, we posit that there exists a critical water depth at 
which an eruption with a given source energy will generate the largest waves. This research reveals 
fundamental wave generation mechanisms related to underwater gas eruptions, thereby extending our 
understanding of submarine volcanic tsunami generation and providing a foundation for future hazard 

assessment. 
 
 

 
Figure 1 The variation of maximum wave heights with effective scaled water depths 

 
 
Keywords: Tsunami wave, subaqueous volcanic eruption, submarine volcano, laboratory experiment. 
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Infra-gravity wave propagation into the Port of Cape Town in South Africa was modelled with Delft3D-Surfbeat. 
The model was used to develop a long wave forecasting tool by parametrising a framework of simulations that 
covers the offshore wave climate at the port. The forecasting tool relies only on the offshore wave forecasts 
as input and was shown to give reliable results 3 days in advance. 

Two storm events were analysed in detail as case studies. The first event was a severe storm with a measured 
significant wave height of 11.5 m offshore and a measured significant long wave height of 0.7 m inside the 
port. The second event was a significant storm with a measured significant wave height of 6.2 m offshore and 
a measured significant long wave height of 0.3 m inside the port basin.  

The surge motion of moored container vessels was measured during each of the two events. A tool was 
developed to detect and track user-defined objects on a vessel in a sequence of recorded images and 
transform their positions to surge motion. The maximum surge motion measured during the first (extreme) 
event was 12.51 m (Figure 1) and 3.14 m during the second (significant) event. 

Figure 1  Time series of measured surge motion during the first (extreme) event.  Maximum surge motions of up to 12.51 m 
were recorded during interval 4. 

The low-frequency motions of the vessels during the two storm events were modelled in the time domain. 
During the first (extreme) event, the moored vessel was under tug assistance and a line parting was observed. 
Several likely mooring scenarios were modelled to account for any uncertainty in the actual mooring 
arrangements.  

The modelled and measured surge motion was in good agreement, especially during the second event where 
there was less uncertainty about the mooring arrangement. Alternative mooring arrangements, including a 
dynamic tensioning system, were also modelled to determine if the vessels can be moored more effectively in 
these conditions. 

Keywords: Long-period waves, extreme storm, seiching, moored ship motions, prototype measurements. 
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The inundation of low-lying areas poses a major hazard to the coast of Australia, especially New South Wales 
(NSW). This threat is increasing due to sea level rise, causing economic and environmental losses that put 
NSW at the top of residential buildings at risk of coastal flooding in Australia. Therefore, it is crucial to 
understand the processes that cause inundation to ensure effective and sustainable management of the NSW 
coast. Coastal flooding events are driven by the rising of ocean surface height due to astronomic and non-
astronomic contributions. The astronomic contribution causes regular and predictable water level variations, 
while the non-astronomic does not. Thus, unpredicted coastal flooding events along the NSW open coast and 
in estuaries often result from non-astronomic contributions that include climate modes such as Southern 
Annular Mode (SAM), the El Niño Southern Oscillation (ENSO) and its spatial variant, the ENSO Modoki (EMI), 
and the Interdecadal Pacific Oscillation (IPO). These climate modes affect the duration, frequency, and 
magnitude of the tidal residuals, which represent the difference between the observed water level and the 
predicted tides. This paper investigates how these climate modes modulate NSW tidal residuals over 40-90 
years using the two longest water level records along the east coast of Australia.  

The relationships between climate modes and tidal residuals for two long-term ocean tide gauge records in 
NSW, Fort Denison and Newcastle Port, were studied through time-series regressions and wavelet transforms. 
Single and multiple time-series regressions were undertaken to estimate the strength and significance of the 
relationship, whereas single and multiple coherence wavelet transforms were used to understand the joint 
variability between tidal residuals and climate modes. Hourly recorded tidal residuals from Fort Denison and 
Newcastle Port were averaged for each month to derive a dataset with the same sampling frequency as the 
climate indices, after which time-series regressions were performed using the Box-Jenkins method for each 
tidal residual record. A total of 11 combinations, including single and multiple regressions and wavelet 
coherence, were performed for each tidal residual dataset. 

Results showed that, individually, the IPO has the strongest influence on tidal residuals, followed by ENSO 
and EMI, with all relationships statistically significant for both locations. The impact of SAM on tidal residuals 
was strong but not statistically significant. Considering multiple time-series regressions, the combined pairing 
of IPO and EMI was the best model (based on model verification and stability), representing the second 
strongest but most significant relationship with R2 of approximately 0.38 (following the SAM, EMI and IPO 
combination). Individual wavelet coherences showed that the IPO index and tidal residuals of the two locations 
have a persistent inverse covariance with peaks at a frequency of around 12 years. The wavelet coherence 
also showed large and significant covariances for the IPO and ENSO Modoki combination. This study expands 
our knowledge on the influence of large-scale climate modes on NSW tidal residuals and contributes to 
improvements in forecasting and managing coastal flooding associated with climate variability. 

Figure 1  Multiple wavelet coherence between EMI, TPI and tidal residuals (A and C). The thick black contour line is the 
5% significance using the red noise model. The thin black line delimits the cone of influence. The strength of the signal 
increases from blue to yellow. The blue line represents the global coherence wavelet spectra, which identifies the signal 
peaks at each site (B and D)  

Keywords: Tidal residuals, Extreme coastal water levels, IPO, ENSO, ENSO Modoki 
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The coast is a dynamic environment which is subject to the impacts of climate change such as sea level rise 
and more frequent and severe storm events. This is placing an increasingly higher risk on our communities 
and the infrastructure located along our coastlines. Many coastal protection structures may be able to 
accommodate the dynamic changes occurring on our coastlines and withstand the slower onset of changes 
due to sea level rise; however, in more extreme events, some coastal protection structures may be subject 
to partial or complete failure. This can be influenced by several factors, including when the structure was 
designed, the design assumptions and the maintenance of the structure. Failure of coastal protection 
structures can result from processes such as toe scour, displacement of armour units and overtopping. With 
the uncertainty of the timing, location, and scale of these events, it is crucial to understand both the condition 
of the coastal protection structures along our coastlines and their failure mechanisms.  

This research focuses on the failure mechanisms of coastal protection structures and the current condition 
assessment practices used to detect the deterioration and failure of structures. Figure 1 presents an example 
of the key condition assessment techniques that can be used to identify failure mechanisms, based on a 
review of published literature. Although condition assessments are valuable inclusions in asset management 
plans, the exclusive use of one technique could limit the accuracy of the assessment and lead to undetected 
damage causing further deterioration or failure of the structure. This research involves collaborating with local 
councils to develop and test condition assessment techniques, complementing the techniques that are 
currently in use. The results will provide councils and asset owners an insight into the application of these 
techniques within a local context, with a possibility of being adopted into future asset management plans for 
coastal protection structures. Additionally, physical modelling of a pre-damaged structure will be conducted 
until failure of the structure occurs. The purpose of the modelling includes identifying any early warning signs 
(signals) or triggers that occur prior to failure, which could be included into future adaptive management plans 
of coastal protection structures. 

Figure 1 Summary of condition assessment techniques that can be used to assess damage/failure mechanisms of 
coastal protection structures. Green: Condition assessment suitable; Orange: Condition assessment may be suitable; 
Red: Condition assessment not suitable. 

Keywords: coastal protection, failure mechanism, condition assessment 
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Abstract 
An artificial surfing reef is a human-made structure, created to resemble a natural surfing reef and produce 
surfable waves. Overcrowded surf breaks and a lack of suitable breaks in some areas have become a common 
issue and artificial surf reefs have been suggested as a solution to this problem. The dynamics and modelling 
behind creating a high quality surfable wave is complicated due to the constant variation of external factors 
and the challenging operational environment presented by the ocean surf zone. In order to design and 
construct a successful artificial surf reef capable of producing a surfable wave, a combination of physical and 
computer modelling, optimisation, performance and fieldwork is required. To better understand the nature of a 
surfable wave, fieldwork was undertaken in many popular surf breaks in south-west Australia. Measurements 
of surfer velocities were collected using a Catapult Vector GPS unit fixed at 10 Hz. These sensors are the 
same as those worn by participants in professional sports (e.g., rugby, soccer, AFL). Supplementary data 
included using aerial surveillance and camera footage from drones. Time series data were used to extract 
surfer speeds for each ride. The field data were collected over a range of surfing conditions: breaking wave 
heights 1.3 m - 3.5 m; peel angles: 40° - 70°, yielding maximum surfer velocities between 7.2 m/s and 9.5 m/s. 
Relationships between peel angle, breaking wave height and surfer velocity were examined. Results were 
then compared with historical analyses and indicated that previous velocity estimates were lower than those 
measured in the field. It is proposed the field measurements collected as part of this work will contribute to 
better design of artificial surfing reefs. 
 
Keywords: surfer velocity, peel angle, breaking wave height, south-west Australia. 
 
1. Introduction 
An artificial surfing reef (ASR) is a human-made 
structure, created to resemble a natural surfing reef. 
The submerged structure is designed to deliver 
breaking waves that are suitable for surfers of the 
appropriate skill level [8]. Artificial surfing reefs may 
provide the answer to how the amount of surfable 
waves in an area can be increased. An ASR must 
not only improve surf quality in the area, but also 
ideally provide more consistent and higher quality 
surfing waves than other surf locations near the 
proposed ASR [7,9]. The design and incorporation 
of ASRs would not only provide quality waves 
breaking on the artificial reef but may additionally 
assist with the controlling and stabilising of sand 
movement to form improved quality sand banks for 
surfing in the direct vicinity of the reef [1,9]. ASRs 
may also be installed to act as coastal protection 
mechanisms along coastlines susceptible to erosion 
[9]. In order to cater for the increasing demand in 
surfable waves of a high quality, ASRs will need to 
be critically considered, designed and engineered. 
This can be achieved through numerical modelling 
and optimisation of artificial surf reef models, to 
determine the wave performance related to different 
reef and swell parameters. The resulting waves 
from the modelling are compared to desired ideal 
surfable wave conditions in order to determine if the 
wave produced in the lab is a surfable wave. 
However, ASR designers have encountered an 
issue in this regard. A lack of actual surfing velocity 

data, as generated by surfers in the field, means 
that wave designers have no real surfer velocity 
evidence to compare their wave model peel rate 
results against. The only model currently available 
that provides a guide for surfer velocity in relation to 
wave characteristics was established in 1974, 
through dated measurement methods compared to 
currently available GPS technology [12]. As a result, 
engineers are unable to draw direct correlations 
between actual surfer velocity in the field and wave 
peel rates in laboratory and numerical wave models 
during the conceptualisation stage of the design. 
 
1.1 Project Aims 
The purpose behind this project was to determine 
the role of surfer velocity in artificial surf reef design 
and the relationship of surfer velocities to breaking 
wave height and wave peel angle. The project aims 
of this study were: 

• Determine how surfer velocity is related to 
wave peel angle and breaking wave height. 

• Assess the accuracy of the original Walker 
velocity relationship. 

• Establish a correlation between surfer 
velocity in the field and computer-generated 
wave peel rates. 

 
2. Literature Review 
2.1 Artificial Surfing Reefs 
The dynamics and modelling behind creating a high 
quality surfable wave are complicated due to the 
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constant variation of external factors and the 
operational environment. In nature, several seabed 
topography variations and orientations (reefs or 
sandbanks) combine with ideal swell size, period, 
spectrum, direction and water depth, to create a 
surfable wave. In order to recreate this, ASRs need 
to be modelled and designed with consideration of 
all these factors. If the ASR is designed, modelled 
and installed correctly then, when the swell moving 
over the new structure reaches a critical depth or 
required wave height, surfable waves will form on 
the reef. These surfable waves will then run over the 
reef in a manner that is dependent on the design 
parameters, bathymetry and geometry of the reef. 
 
2.2 Importance of Artificial Surfing Reefs 
The design and incorporation of ASRs could not 
only provide high quality waves breaking on the 
artificial reef but may additionally assist with the 
controlling and stabilisation of sand movement, to 
form improved quality sand banks for surfing in the 
direct vicinity of the reef. ASRs could also be used 
to improve existing lower quality reef breaks and 
provide higher quality waves breaking in locations 
that were previously deemed unsurfable [9]. 
Through the increase of surfability in the waves 
directly surrounding the ASR, there will be a more 
even spread of the surfing crowd over a range of 
surfing breaks. This could in turn result in a 
decrease in overcrowding at surf spots and allow for 
a safer and more enjoyable surf culture in areas 
where ASRs are installed. 
 
As beach front developments become more 
frequent and the amount of beach users continue to 
grow, it is becoming increasingly important to direct 
focus to the protection and sustainability of 
beachfronts and coastal areas. The increase in the 
economic importance of coastal areas necessitates 
the requirement for new measures to protect 
beachfronts from degradation and coastal erosion 
[1,6]. Artificial surf reefs may be installed as 
multifunctional artificial surf reefs, to assist with the 
protection of coastlines through the prevention of 
coastal erosion. As such, ASRs may play an integral 
part in the protection of the world’s coastlines in the 
future. Multifunctional ASRs may act to ensure that 
beachfronts remain sand beaches rather than 
concrete breakwaters. 
 
2.3 Wave Characteristics and Dynamics of 

Surfing 
2.3.1 Significant and Breaking Wave Height  
Significant wave height (HS) is defined as the mean 
height of the one third highest wave heights present 
in that region of ocean waves. More specific to the 
defining of surfable waves is breaking wave height 
(HB), which refers to the individual wave being 
considered rather than the significant mean of wave 
heights present in an area [10]. Surfers around the 
world have come up with their own means of 

measuring wave heights. One of the most popular 
and comprehensive being the body height scale. 
The body height scale measures the height of the 
wave relative to a (usually adult male) surfer 
standing on a surfboard at the base of the wave and 
can be related to wave heights as shown in Table 1 
and Figure 1. 
Table 1 The generic wave height measurement system 
according to the respective surfer’s body height. The 
column on the right roughly states what wave-face height 
(in metres) this relates to. 

Ankle high 0.2 m 
Knee high 0.5 m 
Waist high 1.0 m 
Chest high 1.5 m 
Shoulder high 1.6 m 
Head high 1.8 m 
Overhead and a half (high) 2.4 m 
Double Overhead (high) 3.6 m 

 

 
Figure 1 The image on the left provides an example of a 
wave roughly waist to chest high, whereas the image on 
the right provides an example of a shoulder to head high 
wave. 

 
2.3.2 Wave Peel Angle 
Peel angle (α) gives definition to the angle through 
which a wave wraps or breaks along reefs, sand 
banks or other underwater structures. Wave peel 
angle can therefore be defined as the angle 
between the crest of an incident wave and the 
bottom ocean contours [8]. Commonly, the peel 
angle is simply defined as the angle between the 
trail of white-water and the crest of the unbroken 
wave as it propagates towards the shoreline [5]. The 
peel angle is the main factor that determines the 
speed at which a surfer can travel on a wave [12]. 
 
The closer to parallel the crest lines and the 
isobaths become, the smaller the peel angle gets 
until eventually the wave is classified as a closeout. 
Peel angles have a range of zero degrees to ninety 
degrees. Smaller peel angles result in faster waves, 
which require surfers to travel at faster speeds in 
order to successfully ride the wave [12]. Therefore, 
the smaller the peel angle of a wave is, the higher 
skill level may be required for a surfer to 
successfully ride the wave to completion [4]. Figure 
2 shows how peel angle can range as a wave 
breaks along the coast. 
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Figure 2 Peel angles ranging from approximately 48° to 
68° along the world class break, Snapper Rocks in 
Australia using Nearmap. 

The combination of peel angle and breaking wave 
height determines the respective difficulty of the 
wave or the required level of skill [4]. This is 
depicted graphically in Figure 3 below. 
 

 
Figure 3 The peel angle (vertical axis) as a function of 
wave height (horizontal axis) and required surfer skill 
(represented by the numbered lines on the graph) [4]. 

 
Figure 4 Different ratings of skill level for surfers, relevant 
to Figure 3 [4]. 

2.3.3 Surfing Velocity 
In order for surfers to successfully surf a wave to 
completion, they need to be travelling at a speed 
equal to or greater than the wave breaking speed or 
the rate at which the wave breaks (peel rate). 
Surfing velocity is related to the peel angle, peel 
rate, breaking wave height, section length and wave 
intensity [10]. Advances in technology and GPS 
equipment allow for more accurate surfing velocities 
to be determined today than in the past. The velocity 
that a surfer requires to successfully surf respective 
waves is an important parameter that should be well 
defined in order to determine and understand future 
requirements for wave creation. This has become 
more important today due to an increasingly high 

demand for ASRs to produce high quality surfable 
waves that break with peel rates suitable for certain 
surfing velocities. Surfer velocity, VS, can be defined 
as the speed at which a surfer travels down the line 
of the wave (or along the wave’s peel angle). The 
faster the wave sections break along this wave peel 
angle, the faster the surfer needs to travel in order 
to successfully complete the surf ride. The rate at 
which waves break along this peel angle is called 
the peel rate, VP, or break rate, as illustrated in 
Figure 5 [3]. Higher peel rates mean waves break 
faster along the coast and surfers subsequently 
need to travel at higher velocities in order to 
successfully make it past these sections. Wave 
celerity, c, is the speed at which waves travel 
towards the shore [3]. 
 

 
Figure 5 Surfer velocity (VS), Peel Rate (VP) and wave 
celerity (c) at Supertubes, Jeffrey's Bay [11]. Note that 
from the surfer’s point of view, the surf ride is completed 
through moving along the face of the wave. 

In 1974, James ‘Kimo’ Walker, a respected and 
renowned surf-science and ocean academic, and 
coastal engineer, undertook a study to relate surfer 
skill, wave peel angle and breaking wave height. 
During this study he estimated average surfer 
velocities relative to waves. Since this relationship 
was established in 1974, new studies have been 
done to update and expand upon surfer skill level in 
relation to peel angle and breaking wave height. 
The results from that study were presented as an 
updated graph by Hutt, Black and Mead [4], which 
can be seen in Figure 3 and Figure 4. However, the 
surfer velocity has remained unchanged since 
1974. 
 
3. Methodology 
3.1 Relating Surfer Velocity to Breaking Wave 

Height and Peel Angle 
Walker undertook a surf study with the aim to relate 
wave peel angle, breaker height and surfer skill 
level. This study included rough estimates of the 
respective velocities (ft/s) that surfers would travel 
as a function of wave peel angle (α) and breaker 
height (HB) [12]. However, since then surfboard 
design, surfer skill and the ability to accurately 
measure velocity in the field have significantly 
improved [4]. In 2001 the numerical rating of surfers’ 
skill level was re-established with the aim to provide 
a more detailed and relevant model than the original 
[4,12]. This enabled studies to successfully define 
and rate the difficulty of surfable waves in terms of 
wave peel angle and breaking wave height [4]. The 
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established rating system can be made more 
relevant to engineers through incorporating 
accurate surfer velocities into this rating system and 
assessing the credibility of the velocities established 
in the Walker model. This will allow for direct 
correlations to be made between waves produced 
in the lab from numerical modelling, and attainable 
surfer velocity of surfers in the field. 
 
Constant wave peel angles coupled with constant 
breaking wave heights should in theory produce a 
constant relative surfer velocity. This is not the case 
though; as velocities vary considerably in the field 
due to phenomena such as speed generation on the 
wave, wave steepness and surfer skill, which 
enables the surfer to stay in the most critical section 
of the wave. Factors such as the beforementioned 
often allow surfers to travel at speeds faster than 
that of the breaking wave. The constantly changing 
environment related to surfing waves means there 
is constant change in surf conditions which makes 
the documentation of accurate surfing data 
challenging. The first part of this study determined 
how surfer velocity is related to wave peel angle and 
breaking wave height, through measuring actual 
surfer velocities on a range of different surfable 
waves. These results were compared against the 
Walker velocity estimations to determine the 
veracity of the Walker model. Surf fieldwork was 
completed with a highly accurate GPS and a range 
of control measures to accommodate for the 
dynamic nature of surfable waves in the surf zone. 
The data is presented in a series of graphs that 
portray the relationship between wave peel angle, 
breaking wave height and surfer velocity. Velocities 
are presented as metres per second (m/s) in the 
direction along the breaking wave track, peel angle 
in degrees (°), and breaking wave height in metres 
(m). The presentation of attainable velocities in 
relation to wave characteristics may be beneficial 
due to providing a direct correlation between real 
surfing velocities and breaking wave velocities 
(wave peel rate) generated in computer models. 
 
The first part of the study defined the range of 
attainable velocities of surfers in the field under 
different wave characteristics and was analysed as 
three successive graphs per fieldwork session. The 
first graph showed the surfer GPS tracks, allowing 
for a general layout overview of the specific surf site 
and enable wave peel angle calculations. The 
second graph portrayed the individual surf ride 
velocities, in chronological order, including the 
velocity range and maximum velocity achieved by 
the surfer during the fieldwork session. The final 
graph showed the surfer velocity range on individual 
waves, in relation to latitude and longitude as per 
the Catapult Vector GPS (surfer-velocity tracks). 
The information was then plotted on a metric-
converted Walker plot to determine the accuracy of 
the Walker velocity model as shown in Figure 11. 

 
Figure 6 The Walker model, converted to SI units, 
showing the relationship between the velocity of a surfer 
(m/s), wave peel angle (°) and breaker height (m) 
according to surfer skill [12]. 

3.2 Measurements and Data Collection 
Data was gathered through a range of surfing 
measurements and data collection using aerial 
surveillance, camera footage and highly accurate 
GPS technology. Surfer velocity and the surfer’s 
wave rides were recorded by a GPS as the surfer 
travels along the face of the wave. In order to 
accurately relate surfer velocity to wave height and 
peel angle in a constantly changing environment, 
certain controls needed to be established. The 
primary method involved surfing a variety of 
different waves at different locations, each with their 
respective peel angle and wave height. The 
breaking wave height range of each session was 
recorded in a field journal before the session and 
only waves falling into this range were considered 
in the surf session. The wave height range 
estimation was supported with surf photography of 
the fieldwork when possible. 
 
The surfing fieldwork was limited to surf breaks in 
wave-rich Western Australia (WA) and completed 
over a range of different waves with different wave 
characteristics. The fieldwork involved the surfer 
riding waves at different surfing breaks around the 
Perth metropolitan coast and south-west coast of 
Western Australia. Waves surfed were recorded 
through GPS technology which was used to find the 
surfer velocity range, maximum surfer velocity, 
wave peel angle and length of surf ride. The GPS 
used was a Catapult Vector, known as one of the 
world’s smallest but most powerful dual GNSS/LPS 
devices compatible with athletes and the dynamic 
natures involved with high action sports [2]. The 
Catapult Vector is a 10 Hz GPS, GLONASS & 
SBAS (or 18 Hz GPS), with a local positioning factor 
of 10 Hz (Catapult ClearSky function) and weighs 
53 grams, enabling the device to be strapped to the 
back of the surfer during fieldwork [2]. 
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Figure 7 Catapult Vector GPS that was used to complete 
the surfing fieldwork [2]. The GPS was inserted into the 
vest pictured on the left, which the surfer then wore 
underneath a wetsuit during the fieldwork. 

Before each fieldwork-surfing session, the weather, 
ocean and all other relevant surf conditions were 
recorded. Upon completion of the GPS fieldwork, 
the recorded results were analysed and presented 
as clear graphs that show the longitude and latitude 
tracks of the surfed waves combined with the 
respective velocities travelled along each individual 
wave. The GPS data was then overlaid into Google 
Earth as a KML file, which enabled precise and 
accurate peel angle calculations for each of the 
individual waves surfed. This enabled relationships 
between wave peel angle, breaking wave height 
and surfer velocity to be established. 
 
4. Results and Discussion 
4.1 Surfer Velocity related to Breaking Wave 

Height and Peel angle 
The following graphs are the result of the GPS data 
gathered from the surfing-fieldwork, coupled with 
MATLAB coding to extract the relevant and useful 
data. Figure 9 and Figure 10 show the surfer 
velocity (m/s) in relation to the longitude and latitude 
tracks of each individual wave ridden for fieldwork 
session one and six. The graphs show the surfer 
velocity range during each wave ridden, peel angle 
and breaking wave height (m), which was used to 
determine the veracity of the original Walker graph. 
The peel angle (°) was calculated through extracting 
the data and overlaying the KML file onto Google 
Maps. The breaking wave height was estimated 
visually as shown in Table 1 and Figure 1. Note, the 
Walker plot contains skill level boundaries which 
may no longer be relevant to the classification of 
surfer skill [4]. 
 
The coloured session squares were overlayed on 
the metric converted Walker graph (Figure 11) and 
shows the peel angle range and breaking wave 
height range of each respective completed fieldwork 
session. These squares were used to find the 
related surfer velocities according to the Walker 
graph velocity estimations. The Walker velocities 
were then compared against the actual surfer 
velocities gained from the GPS surf fieldwork. The 
number of occurrences and range of all the 
instantaneous surfer velocities recorded throughout 
the duration of the fieldwork is shown in Figure 8. 

 
Figure 8 A compilation of the number of occurrences and 
range of all the instantaneous surfer velocities gathered 
by the Catapult GPS during the fieldwork. 

 

 
Figure 9 Surfer velocities (m/s) displayed with respect to 
latitude and longitude, as per the Catapult Vector GPS 
recordings for fieldwork session one, Scarborough, WA. 

 

 
Figure 10 Surfer velocities (m/s) displayed with respect to 
latitude and longitude, as per the Catapult Vector GPS 
recordings for fieldwork session six, Injidup, WA. 

 

52



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Measurements of Surfer Velocities and their Relationship to Breaking Wave Height and Peel Angle 
Dirk Ackerman and Charitha Pattiaratchi  

 
Figure 11 Walker plot showing all average surfer velocity 
(m/s) estimates, according to the Walker model, based off 
the peel angle (°) and breaking wave height (m) from the 
fieldwork [12]. Each session is marked in a different colour 
as per the legend in the bottom panel. 

When considering the surfer velocity ranges 
achieved during the GPS fieldwork and comparing 
this to the velocities predicted by the Walker graphs, 
it is clear that there is scatter in the results (Figure 
11 and Table 2). The Walker velocity predictions of 
each individual surf fieldwork site were consistently 
lower than the actual surfer velocities recorded by 
the GPS for all sessions except one. The difference 
between surfer velocities recorded during the GPS 
fieldwork and the surfer velocity deduced from the 

Walker model, could be present due to two reasons. 
Firstly, Walker focused on the surf velocity of a wave 
ridden in a straight line from start to finish, so in 
many ways, a surfer velocity as a function of wave 
mechanics. In contrast, the GPS used in this study 
enabled for instantaneous, average and peak surfer 
velocities to be determined. The area of interest lies 
in the wider surfer velocity range achieved by the 
GPS as compared to the Walker predictions. This is 
expected, as the Walker model was established in 
1974, without access to technology such as the 
GPS used in the fieldwork of this study and with the 
aim of recording average surfer velocity over the 
entire wave [12]. Through the use of an accurate 
GPS, instantaneous surfer velocities as well as 
average and peak velocities could be determined 
and related to individual wave characteristics. The 
results may additionally indicate that significant 
advancements in surfboard and surfboard fin 
technology could have enabled the larger range of 
measured surfer velocities than first predicted by 
the Walker model back in 1974. 
 
In order to establish an updated version of the 
Walker model, additional surf fieldwork will need to 
be completed with the GPS technology and should 
be complimented with high resolution video footage 
of each fieldwork session to improve breaking wave 
height estimations. This fieldwork will need to record 
surfer velocities over a wide range of different wave 
conditions, including big wave surfing and tow in 
surfing. In addition fieldwork should include surfers 
of different skill levels and weight classes, surfing 
different surfboard types. 
 

Table 2 Summary of session results. 

Session Location Date Breaking Wave Height 
(HB, m) 

Peel Angle 
(α, degrees) 

Surfer 
Velocity 
range 
(m/s) 

Walker 
Prediction 

(m/s) 

1 Scarborough 
Beach, Perth 04/09/2020 Waist to Chest: 

1.0 - 1.6 40 6.3 - 8.4 5.8 - 7.9 

2 Mettam’s, Northern 
Beaches, Perth 08/09/2020 Shoulder to over-head 

1.6 - 2.0 ~50 7.1 - 9.5 5.0 - 7.0 

3 Scarborough 
Beach, Perth 09/09/2020 Head high to overhead 

1.8 - 2.5 40 (35 to 45) 6.3 - 8.3 7.0 - 10.0 

4 Anklets, Northern 
Beaches, Perth 17/09/2020 Waist high 

1.0 - 1.4 ~ 65 to 70 5.4 - 7.2 2.5 - 5.0 

5 Smith’s Reef, 
South-west WA 28/09/2020 Waist to head high 1.0 - 

1.8 
Consecutively: 

58,62,73,60 6.6 - 8.7 4.0 - 6.0 

6 Carpark’s, Injidup, 
South-west WA 29/09/2020 Overhead 

2.5 - 3.5 40 to 43 6.9 - 9.2 9.0 - 11.0 

7 
Rocky Point, Eagle 

Bay, South-west 
WA 

30/09/2020 Waist to just over head  
1.0 - 2.2 49 and 77 6.4 - 8.6 4.0 - 8.0 

8 
Rocky Point, Eagle 

Bay, South-west 
WA 

01/10/2020 Waist to just over head  
1.0 - 2.2 49 and 77 6.2 - 8.3  4.0 - 8.0 

9 Scarborough 
Beach, Perth 08/10/2020 Waist to chest high 

1.0 - 1.6 48 5.4 - 7.2  4.8 - 6.8 

10 Scarborough 
Beach, Perth 09/10/2020 Chest to head high 

1.6 - 1.8 46 to 49 6.4 - 8.6 6.0 - 7.0 

Session 
1 

Session 
2 

Session 
3 

Session 
4 

Session 
5 

Session 
6 

Session 
7 

Session 
8 

Session 
9 

Session 
10 
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The surfer velocities and wave characteristics from 
the GPS fieldwork can now also be overlayed onto 
the classification of surfer skill against peel angle 
and breaking wave height relationship established 
by Hutt, Black and Mead, shown in Figure 3 [4]. As 
a result, a relationship between surfer velocity, 
surfer skill, peel angle and breaking wave height 
can be established. For example, plotting the surf 
fieldwork data onto the graph established by Hutt, 
Black and Mead shows a surfer skill level of six, 
defined in Figure 4. From the completed fieldwork, 
this skill level can be related to a surfer velocity of 
approximately 6.3 m/s to 8.3 m/s. 
 
4.2 Challenges related to Surf Fieldwork 

Measurements 
The dynamic nature associated with the ocean’s 
surf zone presented several challenges that had to 
be overcome. The greatest challenge was 
determining the best method through which to 
complete the surf fieldwork. The fieldwork was 
spread out over a variety of different wave, swell 
and ocean conditions to ensure that the fieldwork 
incorporated the impact that different ocean and 
weather conditions have on the surfer velocity. 
Apart from this, the surf fieldwork relied on 
favourable surf forecasts and weather conditions. 
Due to this factor the fieldwork was limited to ten 
sessions. More surf fieldwork sessions may have 
provided a larger spread of surfer velocities, adding 
additional credibility to the project. Finally, the 
project aimed to find surfer velocities of a surfer 
undertaking everyday surfing. For this reason, it 
was important that the surfer completing the 
fieldwork focussed on surfing as if there were no 
GPS attached, rather than attempt to get the highest 
possible velocity in each fieldwork session. In 
addition, to improve breaking wave height 
estimations, fieldwork could be enhanced by video 
footage of the surfer on each individual wave, which 
could then be linked to the GPS data. 
 
5. Conclusion 
To assist with better understanding the nature of 
surfable waves, surfing fieldwork was completed to 
determine real surfer velocities in the field. The 
results were presented as a series of graphs and 
schematics that relate the wave peel angle on the 
vertical axis with breaking wave height on the 
horizontal and shows how the combination of these 
dynamics influence the surfer velocity. The 
information was gathered through a series of surfing 
measurements and data collection using aerial 
surveillance, camera footage and highly accurate 
GPS technology. The surfer velocities, recorded 
from the GPS fieldwork, were compared against the 
original Walker velocity graph. Analysis of the 
Walker graph velocity estimations and actual GPS 
recorded surfer velocities, showed the Walker graph 
estimations were generally lower than the actual 
fieldwork (GPS recorded) surfer velocities, noting 

that wave height in this study was estimated visually 
within a range, and the actual track of the surfer may 
not be straight due to manoeuvres. Other potential 
factors causing this were discussed. 
 
Finally, the surfer velocities established in this study 
were related to the classification of surfer skill in 
relation to peel angle and breaking wave height on 
the model originally constructed by Hutt, Black and 
Mead in 2001 [4]. This original study showed surfer 
skill level but not surfer velocities to incorporate into 
the relationship. Relating the surfer velocity from 
this project to the previously established surfer skill 
level plot, meant a relationship between surfer 
velocity, surfer skill, peel angle and breaking wave 
height could be established as a result, however, 
surfer skill level remains a somewhat subjective 
measurement. 
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Abstract 
The intense modification of our coastlines over the past century has led to a concerning loss of the “services” 
provided to society by our coastal ecosystems. Irreversible changes in land use and a climate in flux mean 
that the recovery and preservation of these valuable ecosystem services may not always be best achieved 
simply by restoring existing habitats, but can also involve the creation of new, productive and resilient habitat 
– a “natural intensification”.  While the coastal defences required for urban and industrial development, such 
as seawalls, breakwaters, and bund walls, are often associated with negative ecological impacts, these 
structures may also represent an opportunity to achieve environmental goals when combined with efforts to 
create new habitat.  Here we discuss the design of a “living seawall” within the Port of Gladstone, that will 
create a new extensive intertidal sediment habitat for mangroves, oysters, and seagrass, adjacent to a major 
reclamation area being designed to house dredge spoils for future port development.  Numerical modelling is 
used to assess the flow control structures that would be required to ensure that sediments placed on the outer 
face of the reclamation area seawall do not resuspend.  Construction of the reclamation area is shown to lead 
to a local intensification of tidal flows adjacent to the seawall, demanding the use of flow control structures to 
prevent erosion of the placed sediments.  The ability of a network of groynes to produce an accreting boundary 
layer adjacent to the seawall is investigated.  The numerical modelling supports the use of regularly spaced 
groynes to prevent erosion of the placed sediment, and importantly shows that the groynes need only extend 
to the same height as the habitat. 
 
Keywords: working with nature, sediment reuse, intertidal habitat restoration 
 
1. Introduction 
 
Vegetated coastlines provide a broad range of 
“ecosystem services” that are highly valued by 
society, such as preventing coastal erosion, 
improving water quality, sequestering carbon, and 
providing food, habitat and nursery for commercial 
and recreational fisheries and their trophic webs.  It 
has been broadly recognised, however, that 
conservation of the remaining pristine coastal 
habitat is, by itself, not sufficient to preserve coastal 
ecosystem health in the long term [1,21].  The 
intense coastline modification that has occurred 
over the past century has compromised the delivery 
of these vital and valuable ecosystem functions, 
whose recovery has been deemed essential for 
meeting future human demographic challenges 
[10].  This has spawned efforts to reconcile society’s 
necessary and often irreversible use of the coastline 
with the pressing need to restore coastal ecosystem 
function. As such, “Working with Nature” (WwN) 
techniques have gained traction over recent 
decades as fundamental tools in conservation.  
WwN seeks to leverage positive ecological 
outcomes within coastal development projects.  
While WwN efforts may be aimed at the 
conservation of particular species or habitats, the 
emphasis may also be placed more generally upon 
recovery of the lost ecosystem services, seeking to 
produce ecosystems that are resilient to the 

urbanised environment and to a climate in flux.  
Efforts to orient habitat restoration to create optimal 
delivery of ecosystem services have been termed 
“natural intensification”. 
 
Traditional construction techniques for adding hard 
elements to the coastal zone, such as breakwaters, 
groynes, and seawalls, has commonly been 
associated with negative ecological outcomes.  By 
replacing diverse natural habitats with monotone 
substrate, by altering sediment pathways, and by 
interrupting connectivity of the native populations, 
traditional rock or concrete structures in the coastal 
zone tend to give rise to depauperate ecosystems 
characterised by low biodiversity and dominated by 
invasive species [5,7,13].   Coastal defense works 
can, however, be designed to achieve positive 
ecological outcomes within urban and engineered 
habitats, such as maintaining biodiversity and 
ecosystem services [7,14,16,17,22].  Restored 
oyster, seagrass, saltmarsh and mangrove habitats 
have demonstrated quantifiable improvements in 
water quality, carbon uptake and coastline stability 
[8,15,28]. There are also numerous examples 
where the restored habitat contributes to the 
primary function of the structure [27] – often coastal 
defense - and can prove to be more cost effective 
than traditional construction techniques, even 
without quantifying the ecosystem benefits 
[12,18,19,25,26,29]. 
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Figure 1   A) Location of the Port of Gladstone, in north-
eastern Australia.  The nested domains used for 
numerical modelling of the tidal circulation are indicated 
in red. B) Location of the Western Basin Reclamation 
Area within the Port of Gladstone.  The innermost 
numerical model domain is shown. 
 
When intertidal species are the target for coastal 
restoration, significant terraforming may be required 
to ensure that the substrate lies at a suitable 
elevation to provide immersion times within the 
physiological limits.  This may be achieved by 
modifying the hydrodynamic conditions to 
encourage natural sedimentation [31], or through 
direct sediment placement [4,32].  The problem then 
becomes how to ensure that the newly created 
intertidal sediment habitat can resist erosion.  
Solutions include the construction of secondary 
hard structures, such as permeable dams, 
breakwaters or groynes, or modification of the 
primary structure, such as adding crenulations. 
 
While successful examples exist of creating 
sediment habitats either intentionally or 
unintentionally [20,24], the design of structures to 
use for sediment management remains non-trivial 
and careful consideration of local conditions 
remains vital for a successful restoration.  In the 
following we present such considerations for an 
industry-driven WwN project to create new intertidal 
habitat within a major industrial port. 
 
2. The Port of Gladstone Living Seawall 
Its proximity to the Great Barrier Reef World 
Heritage Area sets unique operational constraints 
on the major multi-commodity Port of Gladstone, 
located in north-eastern Australia (Fig. 1A), 
including the requirement for land disposal of all 
capital dredge material.  The port’s operator - the 

Gladstone Ports Corporation (GPC) - is actively 
pursuing the incorporation of WwN concepts within 
their reclamation and dredging activities to achieve 
better environmental, social and economic 
outcomes [3].  One such project involves the 
creation of a “living seawall” adjacent to a planned 
expansion to an existing reclamation area to house 
dredge material.  The living seawall has the 
objectives of encouraging the formation of 
mangrove, seagrass and oyster habitats, and 
providing safe roosting for the endangered Eastern 
Curlew.  Given the physiological and ecological 
characteristics of the species concerned, the 
creation of a suitable substrate for mangroves will 
involve the placement of sediment to an elevation of 
70 cm above mean sea level along the seaward 
face of one section of the reclamation area seawall. 
While various research questions exist concerning 
the type of sediment and seeding techniques best 
suited to encourage the development of mangrove 
habitat, this paper focusses on measures to prevent 
resuspension of the placed sediments prior to 
establishment of the new habitat. 
 
The planned reclamation area extends from the 
existing Western Basin Reclamation Area in the 
northern portion of the harbour (Fig 1B), adjacent to 
a large intertidal mudflat containing sparse 
seagrass which is flanked by a mature multi-specific 
mangrove forest.  The port is naturally well 
protected from wave energy, and the reclamation 
area expansion will further greatly limit the locally 
generated wave energy available to resuspend 
sediment.  The dominantly semi-diurnal tidal range 
of 4.8 m, however, results in currents during flood 
and ebb that commonly exceed 1 m.s-1.  Moreover, 
due to the change in its geometry, the tidal currents 
within the Western Basin are expected to increase 
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following construction of the reclamation area 
expansion.  As such, the dominant source of 
erosional bottom stress for a novel intertidal 
sediment habitat located adjacent to the inner bund 
wall would be tidal flow, and secondary hard 
structures would be required to ensure that the 
placed sediments are not eroded by the tidal 
currents prior to consolidating.   
 
Given that the tidal flow runs tangent to the 
reclamation area seawall, an array of perpendicular-
oriented elements has been proposed to create a 
low flow boundary layer that spans the width of the 
desired new habitat.  The optimal geometry for the 
array of structures required to protect the placed 
sediments within this setting was investigated using 
numerical modelling, as discussed in section 3. 
Designs were sought that prevent erosion across 
the area to be restored at all substrate heights and 
phases of the tide.  Such a constraint is necessary 
when natural sedimentation is desired, and in the 
case of placed sediments suggests that recovery 
should still occur following events of erosion. While 
there are ecological benefits from having the 
groynes extend only to the desired height of the 
sediment substrate, as peak tidal currents occur 
around mid-tide, numerical simulation was used to 
assess whether this is sufficient to avoid 
overtopping during periods of strong flow.  The solid 
structures are required to withstand not only the 
substantial hydraulic stresses exerted by the peak 
tidal flows, in particular at their seaward extent, but 
also unbalanced static loadings during the 
placement of sediments, suggesting the use of solid 
structural elements such as rock groynes. 
 
Groynes generally produce a region of reduced 
tangential flow for a distance downstream that 
exceeds their length.  For practical reasons the 
maximum groyne extension from the seawall is 
limited to 20 m.  Given the desirability of minimizing 
the number and height of the groynes, the numerical 
modelling focused upon determining the minimum 
spacing and minimum height of 20 m long groynes 
required to establish a permanent continuous 
accreting boundary layer adjacent to the seawall 
when exposed to tidal flows.   
 
 
3. Numerical simulations of groyne-current 

interaction 
Numerical simulations were performed of (1) the 
effect of the reclamation area extension upon the 
local tidal flow within the Western Basin, and (2) the 
effect of adding flow control measures upon peak 
tidal velocities within the zone earmarked for the 
novel sediment habitat.  The COAWST numerical 
modelling framework [30], utilising the widely used 
ROMS ocean model [23], was used to simulate the 
hydrodynamics.  This family of ocean models solves 
the primitive equations for fluid flow on a curvilinear 

and vertically stretched grid, using state-of-the-art 
numerical schemes that provide accuracy and 
numerical efficiency.  Importantly for this project, the 
COAWST model incorporates simulated tidal drying 
and wetting of the extensive mud flats, as well as a 
sophisticated sediment dynamics module that runs 
on-line together with the hydrodynamics [30]. 

Figure 2   Representation of the domain of the curvilinear 
grid used for simulation of the groyne arrays with 
reference to the innermost of the domains used to 
simulate the regional tidal circulation. 
 
3.1 Altered tidal flow 
The construction of the reclamation area extension 
will significantly alter the geometry of the Western 
Basin, converting it from a broad embayment to a 
narrow channel akin to other natural channels 
located nearby, and thereby increasing tidal 
velocities.  As the Port of Gladstone is near-
resonant to the semi-diurnal tide, the tidal circulation 
exhibits sensitivity to errors in the bathymetry or 
basin geometry 2 (Aiken, 2008).  It is particularly 
important to accurately represent the northern 
opening of the port at “The Narrows”.  As a result, to 
adequately represent the tidal circulation, 
simulations were run on three telescoping grids of 
increasing resolution and decreasing geographical 
extent (Fig. 1).  The horizontal resolution ranged 
from 100 m for the largest domain, encompassing 
the greater Port Curtis region, to 30 m for the 
domain restricted to the inner harbour, and to 10 m 
for the domain focused on the WBRA.  The first two, 
lower resolution, simulations were used to provide 
accurate boundary conditions for the models of 
higher resolution.  The boundary conditions for the 
outer domain were generated using tidal 
constituents from the TPXO9 global tidal inversion 
[10]. 
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3.2 Effect of groynes 
A second configuration, employing a curvilinear grid 
that follows the inner seawall of the reclamation 
area, was used to represent different groyne arrays 
options (Fig. 2).  In each simulation the groyne 
length and width are set at 20 m and 4 m 
respectively.  Simulations were performed for 
separations between groynes of: 50 m to 1 km. For 
each groyne array separation, two simulations were 
performed, using (a) fully emergent or (b) partially 
submerged groynes, the latter protruding to 0.7 m 
above MSL - the desired height for the mangrove 
substrate.  The open boundary conditions were 
obtained from the previous simulation 
encompassing the entire port.   
 
4. Results 
As a result of the modification in the Western Basin 
geometry, simulated peak tidal flows experienced 
by the inner seawall along the face of the bundwall 
exceeded 1.8 m.s-1 (Fig. 3).  By comparison, actual 
peak flows within the Western Basin are simulated 
to reach 1.2 m.s-1.  It is possible that the coupled 
current-sediment system will adjust towards a 
steady state with even more intense currents 
occupying a narrow tidal channel that forms next to 
the seawall.  As such, creation of the living seawall 
will also provide protection against undercutting by 
the tidal channel. 
 
As discussed in [3], the primary determinant for 
natural mangrove establishment via propagule 
dispersal from adjacent mangrove stands is likely to 
be creating a stable substrate with an elevation of at 
least 70 cm above MSL – corresponding to the 
physiological upper limit of inundation time for the 
target species Avicennia marina and Rhizophora 
stylosa.  This in turn depends upon ensuring 
constantly accreting conditions, even at peak tidal 
flows.  While a substrate targeting seagrass 
restoration would extend only to the lower intertidal, 
the requirement for non-eroding flows is remains.  
As such, in either case – mangrove or seagrass – a 
groyne array design is sought that guarantees weak 
currents across the zone to be dedicated to the 
living seawall, even during peak tidal flow. 

Figure 3   Peak tidal velocities for (a) the present 
geometry of the Western Basin, and (b) a possible design 
for an extension to the reclamation area. Narrowing of the 
Western Basin results in higher peak flows.  

A leading order appraisal of the effectiveness of the 
groyne array designs was determined by their ability 
to achieve a continuous boundary layer of 
weakened currents adjacent to the seawall prior to 
the placement of the sediment.  For the case of a 
mangrove habitat this represents a strict condition 
upon resuspension of placed sediments, which due 
to their elevation above mean sea level would not 
be exposed to tidal currents during peak flow.  
Future simulations will incorporate sediment 
dynamics, of most importance for assessing 
possible current-sediment feedbacks.  

 
The results of the set of simulations representing 
different groyne array designs are summarised in 
Figure 4 for the section of the reclamation area inner 
seawall indicated in Figure 2.  An inter-groyne 
spacing of 150 m was sufficient to establish 
continuous low flow conditions throughout the 
region destined to the sediment habitat.  The use of 
groynes that only reach to the target elevation of the 
substrate – 70 cm above mean sea level – only 
moderately increased peak tidal flows within the 
boundary layer (Fig. 5).  With such a design for the 
groyne array, repurposed sediment added between 
the groynes would be expected to resist erosion by 
tidal currents, regardless of the height of the 
substrate.    In the case of mangroves, by using 
groynes that do not protrude above the substrate, 
these would be completely assimilated within the 
sediment, and subsequent natural accretion would 
allow them to eventually be incorporated within the 
new mangrove ecosystem.   
 
The numerical modelling considers the interaction 
of the tidal flow with the array of groynes, but not the 
non-linear interactions between flow and sediment.  
Changes in the bottom depth due to 
accretion/erosion will, in turn, change the local 
patterns of flow.  In nature, this process leads to the 
formation of tidal channels that may be highly 
dynamic, and the formation of such a tidal channel 
abutting the groynes is likely to occur.  When the 
space between groynes is entirely filled with 
repurposed sediment, as would occur for mangrove 
habitat, erosion due to primary tidal flows is 
prevented, as inundation of the substrate occurs 
only during weak flows at high tide.  The formation 
of erosional channels in the sediment driven by tidal 
percolation of the receding tide is, nonetheless, 
possible and may be intensified adjacent to the 
groynes.  While such processes can be simulated 
numerically with coupled sediment-hydrodynamic 
models, empirical studies and monitoring remain 
essential to address problems of excessive 
secondary erosion as they arise.     
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Figure 4   Simulated peak tidal velocities under different 
groyne spacing scenarios, for groynes that extend to 
beyond high tide.  The separation between groynes in 
meters is shown in the lower right of each panel. A 150 m 
spacing between groynes maintains a continuous low 
flow boundary layer along the reclamation area seawall.  

 

 
Figure 5   Simulated peak tidal velocities for groynes that 
extend to beyond high tide (left) and that reach only to 70 
cm above mean sea level (right, 8 hour inundation time) 
for a spacing between groynes of 150 m.  The use of lower 
groynes, which would eventually be incorporated within 
the new habitat, is still able to maintain a contiguous 
region of low flow in the region earmarked for habitat 
creation.   

5. Conclusions 
The importance to society of the services provided 
by our coastal ecosystems, and the pressing need 
to restore them, is now well appreciated.  From the 
alimentary perspective alone, recovery of these 
highly productive ecosystems will be essential for 
meeting future demographic challenges.  While 
urban development has commonly had an 
overwhelmingly negative impact upon coastal 
ecosystems, there is now evidence that the 
incorporation of suitable techniques can allow 
ecological goals to be addressed in new 
modifications of the littoral zone.  In this context the 
rehabilitation of coastal habitats adjacent to 
seawalls through the reuse of sediments represents 
a promising opportunity to recover lost coastal 
ecosystem services.  
 
In the case considered of the construction of a 
“living seawall” using dredge spoils to ameliorate 
loss of natural habitat by intervening a bund wall 
within the Port of Gladstone, low wave energy and 
strong tidal flows argue for the use of rock groynes 
to ensure that placed recycled sediments resist 

erosion during inundation.  The conservation targets 
considered are the endemic seagrass, oysters and 
mangrove populations, as well as providing habitat 
for the endangered Eastern Curlew.  Numerical 
modelling was used to assess the peak velocities 
across the placed sediment and the dimensions of 
the groyne array.  Importantly, it was found that 
groynes that extend only to the height of the 
substrate, set by the inundation tolerance of the 
target species, would shield the novel substrate 
from peak tidal flows on both ebb and flows.  The 
possibility for the groynes to become incorporated 
within the sediment matrix and provide ecological 
dividends. 
 
This example also highlights the opportunity to 
engage industrial users of the coastal zone in 
conservation efforts.  By reconciling ecological 
goals with economic realities, WwN and related 
approaches are providing tools to achieve coastal 
rehabilitation at scale.  There is now sufficient 
practical experience to have confidence that the 
dredge material produced as an unavoidable 
consequence of modern port operation can be 
repurposed to achieve positive outcomes for 
ecosystem services in the intertidal areas, even 
without a coastal defence objective. 
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Abstract 
Communities and infrastructure around the New Zealand coastline are at risk of flooding from multiple sources. 
In coastal areas, sea level rise will increase flood risk in the future. To the north of Christchurch, the low-lying 
coastal zones of the Waimakariri and Ashley River catchments are at risk of flooding from a combination of 
storm tide and fluvial flow in the mouths of the two rivers, high groundwater level and direct rainfall. In this 
study we have assessed the interaction of storm tide, fluvial flows, and elevated groundwater for a range of 
flood frequencies and sea level rise scenarios to provide natural hazards information for the Waimakariri 
District Plan. We have used both a ‘bathtub’ flood mapping method and a hydrodynamic model to simulate 
flooding. Groundwater ponding is included in the model using estimates of the changes in the existing 
groundwater surface under sea level rise. The results of our assessment show the benefits of using 
hydrodynamic modelling over a bathtub approach to better define flood risk areas. Our modelling also identifies 
the relative contributions to flooding from each source. We have found that although storm tides are the 
principal source of flood risk from the lower Waimakariri River and Ashley River, fluvially dominated events are 
a greater hazard in some locations at very small annual probabilities (<0.5%). Understanding the different 
sources of flood risk, their relative magnitudes, and how they interact helps management strategies to be 
developed. These could include dynamic adaptive pathways which take account of actual future sea level rise 
to trigger changes in management measures. Hydrodynamic modelling can inform the selection of appropriate 
water level triggers and provide an understanding of residual hazards. The methodology developed and 
applied in this project can be adapted for use in other coastal locations. 
 
Keywords: storm tide, flooding, multi hazard 
 
1. Introduction 
During the last three decades, sea level rose 
globally approximately 3 mm/year, which is three 
times faster than the previous century [2]. The 
global projection of average sea level rise is 
generally applicable to New Zealand as the average 
rise in mean sea level is similar to the global 
average rate [1]. The rise in sea level enhances the 
susceptibility of communities and assets in low-lying 
coastal areas of New Zealand to flooding [7]. 
Recently, tropical cyclones Fehi and Gita damaged 
buildings, roads, agricultural land and hydraulic 
structures throughout New Zealand with estimated 
overall insurance losses of NZ$ 116 million [6]. 
 
A recent study [6] has identified the population and 
infrastructure exposed to coastal inundation across 
the entire country of New Zealand for sea level rise 
values of 0.6 m and 1.2 m using a ‘bathtub’ 
approach. With 0.6 m sea level rise, more than 
93,000 buildings with a NZ$ 26.2 billion 
replacement value and a population of over 132,000 
are exposed. These results are indicative, and more 
detailed studies are required to assess the flood risk 
to population and infrastructure in individual areas 
and to inform appropriate planning for future 
development of these areas. 
 
Communities in the coastal area of Waimakariri 
District, New Zealand, are exposed to four potential 
source of flooding: i) coastal inundation through 
overtopping of embankments (stopbanks) during 

storm tides; ii) breakout of flow from the Ashley 
River and the Waimakariri River during high flow in 
the river; iii) elevated groundwater levels; and iv) 
localised flooding by direct runoff of heavy rain.  
 
In our study we have assessed the combined flood 
hazard arising from storm tide and high fluvial flow 
in the Waimakariri and Ashley Rivers and from 
elevated groundwater levels to support the 
development of flood hazard plans for the District.  
 

 
Figure 1   Aerial view of the mouth of the Waimakariri 
River looking inland from the sea and showing Brooklands 
Lagoon to the left of the image, Kaiapoi Wastewater 
Treatment Plant ponds to the right and the town of Kaiapoi 
on the Kaiapoi River at the top. 
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2. Approach 
In the first phase of the project, an initial assessment 
was made of the individual hazards from storm tide 
and elevated groundwater. The ‘bathtub’ method 
was used to identify all land below extreme storm 
tide levels, including sea level rise allowances. To 
assess hazard from groundwater, an extreme 
piezometric surface was used to identify all land 
below the projected groundwater levels. The 
surface was derived using Environment Canterbury 
borehole records for the district and the estimated 
rise in the surface as a result of sea level rise.  
 
The results of the bathtub mapping show that a 1% 
Annual Exceedance Probability (AEP) coastal storm 
event combined with sea level rise could flood up to 
4700 hectares land in around 50 years’ time (0.6 m 
sea level rise), and potentially up to 6500 hectares 
in around 100 years’ time (1.36 m sea level rise).  
 
In the bathtub approach, all the land below the peak 
tide level is defined to be susceptible to inundation 
irrespective of the presence of flood defences or 
natural obstacles to flooding and without accounting 
for the volume of water available for inundation or 
the hydraulic capacity of inundation pathways. 
While this approach is useful in indicating all areas 
which may potentially be affected by storm tides, the 
flood maps developed with this approach do not 
capture the dynamic processes which often occur in 
coastal areas during a storm event and which affect 
the extent and depth of flooding. 
 
Given the extensive area of land and the large 
number of properties and assets shown to be 
potentially susceptible to flooding, a further, more 
detailed assessment of flooding was made using a 
hydrodynamic model.  
 
The results of the groundwater mapping show 
approximately 4040 hectares of land potentially at 
risk from groundwater breakout for a 1.06 m rise in 
sea level rise. However, the method which was 
used to estimate future groundwater levels and the 
resulting potential for surface ponding does not take 
account of surface water drainage systems which 
will tend to limit water depths. 
 
Detailed assessment of surface water flooding from 
groundwater requires complex coupled modelling of 
groundwater and surface water systems and was 
beyond the scope of our study. As an alternative we 
adopted a simple method to allow a more realistic 
estimate of the contribution from the projected 
elevated groundwater surfaces to the tidal and 
fluvial flood hazard to be included in the 
hydrodynamic model simulations as defined in 
Section 5.  
 
To understand the relative effects of fluvial flow in 
the two rivers, storm tide and sea level rise, we used 

the hydrodynamic model to simulate a range of 
scenarios covering different combinations of these 
sources of flood hazard. 
 
We have shown how the model results could be 
used to help select trigger levels for adaptive 
planning pathways to manage flood hazard in this 
area.  

 
3. The Study Area 
The coastline of the Waimakariri District extends 
from the mouth of the Waimakariri River in the south 
to the estuary of the Ashley River and Saltwater 
Creek in the north (Figure 2). Along the Waimakariri 
River, the study area includes the Kaiapoi River, 
Kairaki Creek and Brooklands Lagoon. The main 
settlements in the area are the town of Kaiapoi and 
the communities of Kairaki, The Pines Beach, 
Woodend Beach, Woodend, Pegasus, and Waikuku 
Beach. 
 
For simulating flooding along the Waimakariri 
District coastline, we have included all land within 
the expected range of influence of tidal water levels 
– up to the 5 m ground level contour – in the model. 
We have included a representation of the two river 
channels and the entire floodplain between the two 
rivers in a single model. This allows the 
contributions from both the rivers to flooding of the 
common floodplain between them to be included in 
a single model simulation. 

 
Figure 2   Map showing the study area, the location of the 
main rivers, streams and communities and key features 
of the hydrodynamic model schematisation. 
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4. Model Development 
We have developed the hydrodynamic model of the 
rivers and the floodplain using the DHI MIKE 
FLOOD software. The main river channels (the 
Ashley River, the Waimakariri River, the Kaiapoi 
River and Brooklands Lagoon) are represented in a 
one-dimensional (‘1D’) MIKE11 model and the 
floodplain and river mouths outside of the 1D model 
are represented in a more detailed two-dimensional 
(‘2D’) MIKE21 flexible mesh model. The element 
size is less than 100 m2 in the fine mesh areas and 
less than 1000 m2 in the coarser mesh areas and 
the average element size is 385 m2. The two models 
are dynamically coupled using standard links and 
lateral links to allow the flood water to pass from the 
river to the floodplain and vice versa. 
 
Key raised features (stopbanks and roads) 
controlling the flow of water out of the river channels 
and across the floodplain have been included in the 
2D model using the MIKE21 ‘Dike’ structure 
module. The crest levels of the features are defined 
as a series of points along the line of the dike 
structure. Computationally, the flow across the dike 
is calculated from the water levels either side of the 
line using a weir flow equation and the specified 
crest levels along the dike line as the weir crest 
level. 
 
Roughness in the floodplain area is specified in 
terms of Manning’s ‘M’ values according to the land 
cover types defined in the New Zealand Land Cover 
Database (LCDB) Version 4.1. 
 
5. Model Simulations 
We simulated a range of combinations of storm tide, 
fluvial flow and sea level rise as detailed in Table 1. 
The sea level rise allowances of 0.5 m, 1 m and   
1.88 m correspond to the estimated rise in sea level 
after approximately 50 years (RCP8.5 emissions 
scenario), 100 years (RCP8.5 emissions scenario) 
and 130 years (RCP8.5+ emissions scenario) under 
current New Zealand Ministry for Environment 
guidance [4].  
 
Table 1   Model simulation scenarios 

Description 

Mean 
Sea 

Level 
Rise 
(m) 

Storm 
Tide AEP 

Fluvial 
Flow 
AEP 

Current sea level 0 1% 10% 
Reference future 
sea level 

1 1% 10% 

Varying future sea 
level 

0.5 1% 10% 
1.88 1% 10% 

Varying Coastal 
and Fluvial 
conditions 

1 10% 1% 
1 0.5% 5% 
1 5% 0.5% 
1 0.2% 2% 
1 2% 0.2% 

We used extreme sea levels estimated by Goring [5] 
at Sumner Head. These levels relate to offshore 
conditions excluding wave setup. We have applied 
the methods of Tanaka and Tinh [9] and Zaki et al. 
[10] to estimate the likely range of wave setup in the 
river mouths and adopted an upper bound value of 
0.25 m as a conservative allowance for the 
contribution of wave setup to the storm tide level. 
The storm tide levels have been defined in terms of 
New Zealand Vertical Datum 2016. The resulting 
storm tide levels, including wave setup, are 
presented in Table 2.  
 
Table 2  Estimated present day storm tide levels, 
including wave setup, for the Annual Exceedance 
Probabilities considered.  
Storm 
Tide AEP 

10% 5% 2% 1% 0.5% 0.2% 

Storm 
Tide 
Level (m)  

1.79 1.85 1.94 2.00 2.07 2.15 

 
A single time-varying water level boundary is 
applied along the entire coastline in the 2D MIKE21 
model, representing the tidal water level in the sea 
offshore of the river mouths. We have simulated a 
period of 6 days for each scenario, corresponding to 
the overall duration of a typical coastal storm surge 
event and encompassing several tide cycles before 
and after the maximum design tide. In this way any 
potential accumulation of water in the floodplain 
resulting from overtopping by multiple successive 
high tides during a storm surge event is included in 
the simulations.  
 
The model water level boundary time series is 
constructed from:  
• a representative time varying astronomical tidal;  
• a representative time varying storm surge height 

series, scaled to achieve the required extreme 
sea level;  

• an allowance for wave setup on sea level;  
• a constant mean sea level rise allowance. 

 
Figure 3 shows how the model boundary water level 
series is developed for the 1% AEP storm tide with 
1 m rise in mean sea level. 
 

  
Figure 3   Development of model water level boundary for 
the 1% AEP storm tide and 1 m rise in mean sea level. 

64



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Effect of Storm Tide and Sea Level Rise on Coastal Inundation: A New Zealand Multi-Hazard Case Study 
Mazhar Ali, Damian Debski and Derek Todd 
 
Extreme fluvial flows have been estimated by 
Environment Canterbury (ECan) [3] for the lower 
reaches of the Waimakariri and Ashley Rivers as 
shown in Table 3. A simplified hydrograph shape 
has been adopted for the model inflow boundary for 
each river: a constant flow corresponding to the 
extreme value for the scenario over the period of the 
highest tide for 12 hours (6 hours on each side of 
peak tide level) and constant flow corresponding to 
the mean annual flood flow for the remainder of the 
simulation period. 
 
Table 3   Extreme fluvial flows for the Waimakariri and 
Ashley Rivers at State Highway 1 - source: ECan 

AEP 
River flow (m3/s) 

Waimakariri Ashley 
Mean annual flood 1405 783 
10% 2200 1340 
5% 2600 1620 
2% 3400 2020 
1% 4000 2360 
0.50% 4700 2730 
0.20% 5800 3280 

 
Due to differences in the catchment of the 
Waimakariri River, which extends inland to the 
Southern Alps, and the catchment of the Ashley 
River, which is smaller and closer to the coast,  
different weather systems are usually responsible 
for high flows in the two rivers: north-westerly 
systems in the Waimakariri River; and south-
westerly or south-easterly systems in the Ashley 
River. Therefore, two separate model simulations 
have been performed for each scenario: a 
‘Waimakariri’ event with the extreme flow 
hydrograph in the Waimakariri River and a constant 
mean annual flood flow in the Ashley River; and an 
‘Ashley’ event with the extreme flow hydrograph in 
the Ashley River and a constant mean annual flood 
flow in the Waimakariri River. 
 
We have included ponding from elevated 
groundwater levels in the simulations by specifying 
initial water levels in the model. As illustrated in 
Figure 4, we have only included ponding in areas of 
land which lie below mean sea level, including any 
sea level rise. In these areas the drainage of 
groundwater breakout via the existing gravity 
drainage systems will be impeded by the outfall 
water levels in the rivers and sea. Initial water levels 
specified in the model are the lower of the 
groundwater level and mean sea level since 
drainage systems will generally control typical water 
levels in the floodplain to around mean sea level or 
lower levels. 
 
In areas of higher ground, i.e. above mean sea 
level, drainage systems will tend to limit the depth of 
surface flooding from groundwater and any flooding 
from this source is less likely to significantly 
contribute to coastal inundation. 

 
Figure 4   Schematic cross-section through study area 
indicating criteria for inclusion of initial water depth from 
groundwater in model simulations. 
 
6. Results 
Figure 5 compares the estimated depths of flooding 
from the bathtub assessment and from the 
hydrodynamic model simulation for the reference 
future sea level scenario (1% AEP storm tide and    
1 m rise in mean sea level) around the Waimakariri 
River mouth.   
 

 
Figure 5   Comparison of inundation estimated along true 
left banks of the Waimakariri River and Kaiapoi River from 
(a) bathtub model and (b) hydrodynamic model for the 1% 
AEP future sea level rise scenario corresponding 
approximately to 100 years (RCP8.5 emissions scenario). 
 
The extent and depth of inundation are significantly 
greater in the bathtub assessment and show most 
of Kaiapoi town and the oxidation pond at Kaiapoi 
Wastewater Treatment Plant to be susceptible to 
flooding in this scenario. The hydrodynamic model 
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takes account of the finite volume of water 
overtopping the stopbanks along the river in each 
high tide and of the hydraulic gradients in the 
pathways in the floodplain as the water spreads out 
from the river mouth. In this location these factors 
tend to reduce the extent of inundation compared to 
a simple projection of the storm tide level. Both 
methods highlight the susceptibility of the 
communities of Kairaki and The Pines Beach to 
coastal inundation, together with the floodplain east 
of Kaiapoi town. The model results also indicate an 
area potentially at risk of shallow groundwater 
ponding to the west of Kaiapoi, disconnected from 
the rivers. 
 
The maximum inundation results for the two river 
flow scenarios (‘Waimakariri’ and ‘Ashley’ events) 
are compared in Figure 6.  
 

 
Figure 6   Model inundation results for 1% AEP tide and 1 
m sea level rise for high flow in the Waimakariri River (red) 
and for high flow in the Ashley River (yellow) with the area 
flooded in both scenarios shown in green. 
 
The inundation extents are very similar for the two 
flow scenarios with only minor additional extents 
around each of the river mouths for the respective 
scenarios. The results confirm the dominance of the 

storm tide water level in the two river mouths in 
determining inundation in this area.  
 
Figure 7 compares the peak water levels in the 
lower reaches of the Waimakariri River (at Kairaki 
Creek) and Ashley River (at Waikuku Beach) for 
tidally and fluvially dominated events and 1 m of sea 
level rise. In the Ashley River, peak water levels are 
higher in fluvially dominated events for each AEP 
considered whereas in the Waimakariri River the 
water levels are tidally dominated except for the 
smallest AEP considered (0.2%). Typical defence 
levels at these two locations are around 2.0 m and 
2.3 m respectively (NZ Vertical Datum 2016).  
 

 
Figure 7   Maximum model water levels in the lower 
Waimakariri and Ashley Rivers for simulations of tidally 
and fluvially dominated events of 1%, 0.5% and 0.2% 
AEP and 1 m of sea level rise. 
 
Although the peak water level in the rivers may be 
higher for fluvially dominated events this does not 
necessarily result in greater extents and depths of 
inundation. Figure 8 compares the model inundation 
extents for the 0.2% AEP tidal and fluvial events in 
each of the Ashley and Waimakariri Rivers.  
 
For the Ashley River, the inundated area on the 
south side of the river is greater in fluvial events 
primarily due to overtopping of the riverbank 
upstream of the river mouth, beyond the influence 
of the tide. However, to the north of the river, in the 
Saltwater Creek estuary, the effect of fluvial flow on 
water levels is small and inundation is more 
extensive for the tidal event. 
 
For the Waimakariri River, although the peak water 
level in the river is higher for the fluvial event, 
inundation is generally a little more extensive for the 
tidal event. This is because the fluvial flow only 
coincides with the highest tide in the simulation so 
that the cumulative volume overtopping the 
stopbanks over successive tide cycles is greater 
with the larger storm tide height in the tidal event. 
Exceptions include the Kaiapoi Wastewater 
Treatment Plant ponds, adjacent to the river 
stopbank. In these locations the peak water level 
depends on the peak flow over the stopbank rather 
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than the total volume of overtopping and this is 
higher in the fluvial event.  
 

 
Figure 8   Model inundation results for 0.2% AEP tidally 
and fluvially dominated events and 1 m sea level rise for 
(a) high flow in the Ashley River and (b) high flow in the 
Waimakariri River. Areas shown in green are inundated in 
both tidal and fluvial events. Areas flooded only in tidal 
events and only in fluvial events are shown in red and 
yellow respectively. 
 
7. Adaptation Pathways 
The results of the model simulations confirm the 
increasing susceptibility of communities and assets 
along the Waimakariri District coastline to coastal 
inundation with sea level rise. Policies to manage 
these hazards can include measures such as 
raising defences and properties, relocating 
properties and requiring minimum building levels for 
new properties or assets.  
 
Given the uncertainty in the magnitude and timing 
of future sea level rise, there are benefits to an 
adaptive approach to interventions. In the Dynamic 
Adaptive Policy Pathways (DAPP) method [8], the 
source of the hazard is monitored over time and 
compared to pre-set ‘signal’ (early warning), ‘trigger’ 
(decision-point) and ‘adaptation threshold’ levels. 
The trigger level determines the time at which a 
decision to change from the current approach to 
hazard management – ‘pathway’ – to an alternative 
pathway needs to be made in order to be completed 
by the time the adaptation threshold is reached and 
the hazard is realised.  

Figure 9 illustrates the concept in relation to the 
coastal inundation hazard in the study area. The 
water level in the river mouth for an accepted AEP 
rises with time in response to mean sea level rise. 
As the water level approaches the crest level of the 
stopbank, the hazard management strategy needs 
to be adapted to avoid an unacceptable 
susceptibility to flooding. Possible new pathways 
could include raising the crest level of the stopbank 
(Pathway A) or raising or relocating properties 
(Pathway B). Pathway changes are initiated when 
the river level for the accepted AEP exceeds the 
trigger level. The results of this study show that in 
this area the increase in river level can be inferred 
from monitoring the rise in mean sea level, 
assuming stationarity of storm surge and wave 
height with sea level rise. In this way the change in 
pathways can be delayed if sea level rise is slower 
than expected or can be made sooner if sea level 
rise occurs more rapidly.  
 

 
Figure 9   Example Conceptual Dynamic Adaptive Policy 
Pathways for managing the flood hazard from coastal 
inundation under mean sea level rise. To avoid reaching 
the ‘adaptation threshold’ (AT), pathway changes are 
made when the river water level of an accepted AEP of 
overtopping the stopbank exceeds the ‘trigger’ level. 
(after Stephens et al. [8]).  
 
Figure 10 illustrates example signal, trigger and 
adaptation threshold levels for the lower 
Waimakariri River stopbank together with the 
projected storm tide water levels in the river, based 
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on the model results, for the 2% and 1% AEP over 
the period to 2070 for four climate change scenarios 
(RCP2.6 M, RCP4.5 M, RCP8.5 M and RCP8.5 H+). 
The changes in mean sea level for these scenarios 
are based on current NZ Ministry for the 
Environment sea level rise guidance [4], referenced 
to 2020.  
 

 
Figure 10   Illustration of example signal, trigger and 
adaptation threshold (AT) levels for a dynamic adaptive 
policy pathways approach to managing inundation from 
the Waimakariri River. The blue lines show when the 1% 
AEP water level in the river would exceed the trigger 
levels for four climate change scenarios. The black lines 
show the 2% AEP water levels for the same scenarios. 
 
Figure 10 shows that for a 1% AEP susceptibility to 
flooding, the example trigger level illustrated is 
already exceeded and the adaptation threshold 
could be reached in around 10 years, depending on 
the rate of sea level rise. For a 2% AEP 
susceptibility the trigger could be exceeded in 15 to 
20 years and the adaptation threshold could be 
reached in 25 to 45 years.  
 
The choice of an acceptable susceptibility to 
flooding depends on the vulnerability of 
communities and assets to flooding. In adopting a 
higher probability of flooding in the adaptation 
methodology, there is a residual risk of overtopping 
from events larger than the selected probability prior 
to the adaptation threshold being reached. Although 
the probability of such an event occurring may be 
lower than the accepted probability of overtopping, 
the consequences of the event occurring may not 
be acceptable to the community. The hydrodynamic 
model can be used to understand the 
consequences of such events through simulation of 
further probability events and increments of sea 
level rise and so help inform the selection of 
appropriate levels of susceptibility and 
corresponding trigger levels. 
 

8. Summary 
Our study illustrates the benefits of hydrodynamic 
modelling in providing a more realistic estimate of 
the extents and depths of coastal inundation in 
locations where defences and topographic features 
can limit the overtopping volume and influence flow 
paths in the floodplain. Models can also be used to 
simulate the combined effect of different sources of 
flood hazard – in this case, we assessed the 
combined effects of high fluvial flow in the 
Waimakariri and Ashley Rivers, storm tide, sea level 
rise and elevated groundwater. The model results 
show that whilst fluvial flow in the rivers does 
influence the extent of inundation in the study area, 
storm tide level is the dominant factor determining 
inundation. The results have helped to identify the 
communities most susceptible to coastal inundation 
along the Waimakariri District coastline and to 
understand how their susceptibility changes with 
rise in mean sea level.  
 
The results of hydrodynamic modelling can be used 
to help develop dynamic adaptive policy pathways 
in coastal areas. Models provide a useful tool to 
support the specification of trigger levels and to 
understand the residual risks for the pathways 
chosen.  
 
9. References 
[1] Bell, R.G., Paulik, R. and Wadwa, S. (October 2015).  
National and Regional Risk Exposure in Low-lying 
Coastal Areas, NIWA, pp 19. 

[2] Dieng, H. B., Cazenave, A., Meyssignac, B. and 
Ablain, M. (2017). New Estimate of the Current Rate of 
Sea Level Rise from a Sea Level Budget 
Approach. Geophys. Res. Lett. 44, pp 3744–3751. 

[3] ECan (May 2016).  Flood Frequency Analysis Pilot 
Study: Orari, Teuka, and Waimakariri Rivers, Report No. 
R15/129. 

[4] Ministry for Environment (2017). Coastal Hazards and 
Climate Change, Guidance for Local Government Land. 

[5] Mulgor Consulting Ltd (24 July 2018). Extreme Sea 
Levels at Christchurch Sites: EV1 Analysis. 

[6] Paulik, R., Stephens, S., Wadhwa, S., Bell, R., 
Popovich, B. and Robinson, B. (March 2019). Coastal 
Flooding Exposure Under Future Sea-Level Rise for New 
Zealand, NIWA. 

[7] Stephens, S.A. (2015). The Effect of Sea-Level Rise 
on the Frequency of Extreme Sea Levels in New Zealand. 
NIWA.  

[8] Stephens, S.A., Bell, R.G. and Lawrence, J. (2018) 
Developing Signals to Trigger Adaptation to Sea-Level 
Rise, Environmental Research Letters 13. 

[9] Tanaka H. and Tinh N.X. (2008) Wave Setup at River 
Mouths in Japan. Journal of Water Resources and 
Environmental Engineering, 23, pp 5-12. 

[10] Zaki, M., Peirson, W. and Cox, R. (2015) 2_D 
Investigation of River Flow on Wave Setup in Estuaries, 
Proceedings of the 22nd Australasian Coastal and Ocean 
Engineering Conference (Sydney), pp 578-581. 

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

2020 2030 2040 2050 2060 2070 2080 2090 210

ST
O

RM
 T

ID
E 

W
AT

ER
 LE

VE
L 

(m
 N

ZV
D2

01
6)

YEAR

SIGNAL

TRIGGER

AT

RCP8.5 H+
RCP8.5 M RCP4.5 M RCP2.6 M

1% AEP
2% AEP

STOP 
BANK

68



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Determining an objective coastal land-sea boundary zone for jurisdictional clarity 
Michael Allis, Rob Bell, Iain Dawe, Scott Stephens 
 

Determining an objective coastal land-sea boundary zone for 
jurisdictional clarity 

 
Michael J. Allis1, Robert G. Bell3, Iain Dawe2 and Scott A. Stephens1 

1 National Institute of Water and Atmospheric Research (NIWA), Hamilton, New Zealand.  
email: michael.allis@niwa.co.nz 

2 Greater Wellington Regional Council, Wellington, New Zealand. 
3 Bell Adapt Ltd, Hamilton, New Zealand 

 
Abstract 
In New Zealand, under the Resource Management Act 1991 the mean high-water springs (MHWS) is used to 
delineate the jurisdictional coastal marine area (CMA) boundary between regional councils and territorial 
authorities, that is, the boundary between land and the foreshore and nearshore seabed and territorial seas. 
The boundary bisects the foreshore of beaches, river mouths and cliffed shorelines and is the seaward limit of 
private land ownership. Delineating this boundary can be a topic of substantial dispute with contrasting legal 
and technical definitions (e.g. MHWS) and practical shoreline indicators (e.g. the vegetation line or dune toe). 
This issue is magnified on open-coast beaches where persistent wave action (amongst other processes) leads 
to the legally defined tide-based shoreline being commonly located somewhat down the foreshore of a beach, 
and seaward of the generally recognized shoreline indicators. New Zealand case law sets out that a pragmatic 
definition of the land-sea boundary is needed for jurisdictional delineation and planning purposes.  This 
contribution outlines a novel approach taken to determine an objective and practical shoreline, based on a 
dynamic mean high water zone, for the 40 km long Kāpiti coast, New Zealand. The approach reconciles the 
land-sea boundary definitions (legal and practical) and accounts for the inherent shoreline variability (vertical 
and horizontal) over time. We discuss how this approach may be implemented to reduce ambiguity in shoreline 
boundaries, improves jurisdictional clarity, and can be used to manage development in the coastal zone. 
 
Keywords: shoreline definition, coastal zone, jurisdictional limit, land-sea boundary 
 
1. Introduction 
The land-water or CMA jurisdictional boundary 
delineates the area of responsibility over beaches, 
the nearshore seabed, territorial seas and the 
seaward limit of land tenure. In particular, the 
determination of the boundary between privately-
owned land and public areas at the shoreline can be 
a topic of substantial interest and dispute (e.g. 
Minister of Conservation v Christchurch City Council 
1993, Falkner vs the Gisborne District Council 1994, 
AV Hastings vs Auckland Regional Council 2000, 
Kina Beach and Tasman District Council 2013). The 
legal issues commonly arise when the fixed CMA 
boundary, based on the MHWS elevation, is used to 
determine which set of jurisdictional rules apply in a 
given situation, but the set CMA boundary only 
represents a fixed point in time. For example, on an 
eroding coast that has retreated into a private land 
parcel, regional planning rules would now apply and 
the landowner would be required to seek consent 
from the regional council for coastal activities where 
previously only territorial landuse rules would have 
applied. This leads to situations where development 
is undertaken as a permitted activity, when in fact a 
consent was required. In reality, the land-sea 
boundary can only be approximated and is often 
referred to as an ‘ambulatory’ boundary ([1,10]) 
which varies within an envelope.  

The ambulatory boundary has two major causes of 
movement (Figure 1); the boundary moves as the 
shore changes horizontal position either due to 
erosion and accretion or due to vertical land 

movement. Second, the boundary can move as the 
tide elevation or shoreline markers used to define 
the boundary change over time, as is the case with 
the rise in ocean mean sea level.  

Unlike the multitude of shoreline definitions used in 
literature to observe, track and monitor the evolution 
of the coastline (e.g. [9,5,14]), the legal definition 
requires a highly specified definition to meet legal 
requirements and tests (e.g. [8,1]) as well as a 
widely usable and practical boundary for coastal 
practitioners or public access permissions (e.g. [4]). 
 

 
Figure 1 Illustration of land-sea boundaries described in 
this study. A traditional shoreline varies in horizontal 
position (erosion/accretion) and in vertical position (sea-
level changes, land uplift/subsidence.) The legal 
shoreline elevation is fixed by astronomical tides but the 
legal boundary changes position. The practical shoreline 
varies according to offshore wave exposure beach 
changes. The jurisdictional and private/public boundaries 
lie somewhere within the total shoreline envelopes.   
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The definition of an ambulatory land-sea boundary 
has been tested in New Zealand courts, with some 
key decisions in case law providing a precedent for 
delineating the coastal jurisdictional boundary in the 
Resource Management Act–RMA (1991). In 1994, 
in the case Falkner vs the Gisborne District Council 
(A082/94), the Planning Tribunal [now NZ 
Environment Court] said “Not establishing 
mathematically the precise geographic location of 
the line of MHWS, but of taking a practical approach 
in applying our specialist skills to understand the 
evidence and finding a line of MHWS …”. And in 
2000 (AV Hastings vs Auckland Regional Council 
Environment Court Decision A130/2000 in respect 
of defining MHWS in Anns Creek (a side arm of 
Mangere Inlet, Auckland) stated “We accept that a 
practical solution is required. From the surveying 
evidence there is in no definitive answer.” … “A 
judgment is needed, and whatever decision is 
reached will not be universally acceptable”. These 
decisions concluded that there wasn’t a definitive 
surveying or mathematical definition applicable in all 
areas, rather a pragmatic approach is needed. 

Considering the above variability in a beach 
position, inconsistencies in definitions and legal 
guidance, it is clear a pragmatic and constructive 
definition of a land-sea boundary is needed for 
jurisdictional delineation and planning purposes 
with an approach that reconciles both the land-sea 
boundary definitions (legal and practical) and 
accounts for the inherent shoreline variability 
(vertical and horizontal) over time. Such an 
approach needs to be scientifically robust, as 
objective as possible to reduce reliance on 
subjective and debatable interpretations, flexible 
enough to recognise the mobile nature of the land-
sea boundary and ultimately, able to be applied 
consistently around the region/country. Further, any 
definition of a high-tide shoreline also must account 
for the changing nature of the coastline, the 
interruption from structural features or activities 
(e.g. ports, jetties, seawalls, groynes, sand 
extraction, etc), and deposition of sediment (e.g. 
beach nourishment or nearshore dredged material 
placement). 

In this paper we outline a method, based on an initial 
New Zealand case study, to objectively map land-
sea boundary “zones” within which both the 
surveyed MHWS and pragmatic land-sea 
boundaries are expected to reside. We discuss 
advantages and limitations of the zones relative to 
a linear CMA boundary and discuss how the zones 
can be applied for practical purposes. In Section 2 
the methodology is described to produce the 
shorelines results (Section 3) followed by a 
discussion (Section 4) of the advantages/limitations, 
and we conclude (Section 5) with practical 
implementation suggestions and future hurdles.  

2. Methodology 
2.1 Study site 
This study focuses on the 40 km long Kāpiti Coast 
shoreline which faces west towards the Tasman 
Sea and is partially sheltered by Kāpiti Island 
(Figure 2). Physical aspects of the study area have 
been described in earlier works (e.g. [9,11,16]). 
Briefly, the northern section of coast (Waikanae 
River Estuary to north of Ōtaki) tends to consist of 
wide sandy beaches backed by dunes and isolated 
settlements. The exception being the mixed sand-
gravel beaches and lack of foredune to the south of 
the Ōtaki River; The central region (Paraparaumu) 
consists of an accreting cuspate foreland formed 
within the wave shadow of Kāpiti Island with sandy 
beaches backed by low dunes and urban 
settlements. The southern sections of coast 
(Raumati to Paekākāriki) have narrower beaches 
and they are backed by higher sand dunes ([9]). 
Except for Queen Elizabeth  Park (QE Park) and a 
small area at south Paekākāriki, the southern coast 
has been densely settled with private property 
occupying the former foredunes ([16]) and now 
protected by a range of engineered structures  

 
Figure 2 Kāpiti Coast locations and coordinates in this 
study location. Wave hindcast outputs locations (+, W#), 
tide forecast output locations (▲, T#) and beach profile 
(numbers 200-460), Kāpiti Island tide gauge (star) and 
offshore bathymetry of study area (contours and colours). 
Note that this project refers to linear distance from Profile 
200 datum south of Paekākāriki. 
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established over the past 50 years to manage 
erosion. A beach profile survey programme has 
intermittently monitored 27 beach profiles since the 
1970s (Figure 2) to assess beach volume and 
coastal protection needs (e.g. [12]). However, only 
profiles from 2000–2018 were obtained despite an 
extensive search. 

2.2 Vertical datum, mean sea level and tide 
elevations 

The vertical elevation datum used throughout this 
study is the Wellington Vertical Datum 1953 (WVD-
53). The mean sea level (MSL) elevation for the 
Kāpiti Coast is 0.21 m WVD-53 as calculated by 
interpolating between MSL from sea-level gauges at 
Taranaki and Wellington ([3]). The mean sea level 
offset is applied to convert tide forecasts into the 
local datum (Table 1). 

Tidal elevations were modelled along the Kāpiti 
Coast using the New Zealand tide model which has 
been validated against 20 sea level gauges ([1]). 
The tide model was used to simulate 1000-years of 
high-tides (excluded weather- and climate-related 
effects) for 5 locations along the study coastline with 
one additional prediction at the local tide gauge on 
Kāpiti Island (Figure 2). The high-tide exceedance 
curves were then determined based on the 
cumulative distribution function of the long-term tide 
predictions as per [2]. The definition of MHWS–10, 
as the elevation equalled or exceeded only by the 
largest 10% of all high tides over the 1000 years is 
the datum-based shoreline definition used herein 
(Table 1). This definition allows MHWS to be 
consistently defined based on a common 
exceedance threshold which is independent of tide 
regime which varies around the coast ([2]).  The 
MHWS-10 tide elevation changes along the 40 km 
Kāpiti Coast and is 28 cm lower in the south (Table 
1) due to the twice-daily lunar tide amphidrome near 
Cook Strait ([18]).  
Table 1 Tide elevations for Kāpiti Coast. MHWS-10 
elevations are calculated at zero mean sea level with 
+0.21 m MSL offset applied to convert to WVD-53 datum 

Site name ID MHWS-10 
(m WVD-53) 

Ōtaki North T1 1.24 
Waikanae Beach T2 1.16 
Paraparaumu Beach T3 1.10 
Raumati Beach T4 1.03 
Paekākāriki T5 0.96 
Kāpiti Island gauge T6 1.10 
Kāpiti Island Model - 1.112 

 

The MHWS-10 elevations at each of the 5 output 
locations were linearly interpolated to the 
coordinates of each of the 37 beach profiles. A 
comparison with the Kāpiti Island gauge shows the 
model tide elevation being only 0.012 m higher than 
the gauge (Table 1).  

 
Figure 3  Wave heights at multiple ARIs along the Kāpiti 
Coast.  Wave outputs are inshore of Kāpiti Island and 
show wave shadowing effect. Also shown (right axis) are 
MHWS10 elevations. Horizontal axis shows linear 
distance from survey datum at beach profile No. 200 
(Figure 2). Place names positioned to within ±1 km. 

2.3 Wave conditions 
A previous study analysed wave conditions at 16 
locations (Figure 2) in 10–50 m water depth along 
the Kāpiti Coast for the local council ([13]). Their 
statistical analysis of a 10-year wind and wave 
hindcast (July 1997 – July 2006) produced a range 
of wave statistics from the 1-month Annual 
Recurrence Interval (ARI) significant wave height to 
the 100-year ARI wave height (Figure 3). 

2.4 Shoreline definitions 
In addition to using MHWS-10 as the elevation of 
the cadastral shoreline (Section 2.2), we calculated 
two Total Water Level (TWL) elevations that 
assimilate the range of visual shoreline indicators 
surveyed on site (refer Section 2.5 following). To 
remain as objective as possible we did not attempt 
to account for each coastal runup/setup process nor 
morphology and climatic variable and their 
variability. Instead, we selected a TWL definition 
which was approximately equal to the significant 
breaking wave height, Hbs, i.e., TWL = Hbs after [15] 
and further simplified to use only the offshore wave 
height ([13]); i.e. TWL = Hs + a MSL offset to WVD-
53. The TWL elevation were defined by an envelope 
between the 1-month ARI wave height (a common 
wave event) and a rare wave event (10-year ARI) 
plus the mean sea level offset (Eq.1 and Eq.2). 
Lower TWL [m] = Hs(1 month ARI) + MSL offset          (1) 

Upper TWL [m] = Hs(10 year ARI) + MSL offset           (2) 

In this way, the TWL zone can be assumed to 
include locations where the practical land-sea 
boundary will lie during conditions ranging between 
common events (i.e., tides + frequent wave events) 
and larger storm events (i.e., tides + storm-surge + 
infrequent wave events).  Practically, the lower TWL 
and upper TWL are merged into a single zone which 
lies between the offshore lower TWL and the inland 
upper TWL position (e.g. Figure 4). 

On barrier/berm coasts (river mouth spit and mixed 
sand/gravel beach near the Ōtaki River mouth - 
Profiles 420, 430, 440) the standard TWL method 
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did not align with the visual shoreline indicators and 
we replaced the upper TWL with the inland extent of 
wave overtopping flow based on the relative 
freeboard above the crest of the berm ([6]) including 
the modification to include a decreasing landward 
slope from [7: Eq. D.4.5-39].  Figure 4b illustrates 
the adjusted TWL zones with this approach. These 
modified zones were seen to align with the beach 
feature survey (Section 2.5). The TWL elevations 
were then extended from the 16 offshore wave 
height locations to each of the 37 beach profiles 
along the Kāpiti Coast (Figure 1) using linear 
interpolation between the respective coordinates.  

 

       

 
Figure 4  Example of beach profile and horizontal 
variability analysis at Profile 300 (Paraparaumu Airport) 
and Profile 420 (Te Horo). 

 

2.5 Visual shoreline indicators 
Visual shoreline indicators were manually surveyed 
by traversing the 40 km coast via quadbike with 
handheld RTK-GPS survey equipment and Trimble 
R10 base stations. Over 1500 individual points were 
surveyed with average precision of ±0.0144 m 
(vertical) and ±0.0079 m (horizontal). The surveyed 
visual shoreline indicators were grouped as: 

• Active beach features: beach surface and 
stream beds or stream banks which are clearly 
tide/wave dominated features and are expected 
to regularly be below the wave up-rush limit.  

• Beach interface features: the transition from the 
tide/wave dominated active beach processes to 
the more stable aeolian backshore features. 
Includes beach elevation at the base of a 
seawall (rock, wooden or other), toe of the 
foredune and the crest of a berm. 

• Backshore features: vegetation line(s), erosion 
scarp(s), back-beach berms, and dune features 
not regulated by direct wave attack but depend 
on subsequent processes (e.g., vegetation 
growth, dune slumping following undercutting).  

• Debris features: driftwood, wave deposited 
seaweed (wrack) and general wave-transported 
debris (i.e., fishing floats, seeds etc.,) deposited 
in an obvious debris line or bulk accumulation 
within and above backshore features. 

• Upper structural features: crest elevation of 
man-made structural features such as the top of 
wall(s), top of rocks, paved carparks or fence 
lines. 

Surveyed points are plotted in Figure 5. 

2.6 Horizontal variability and GIS Mapping 
The intersection of the MHWS-10, Lower TWL and 
Upper TWL elevations with each dated beach 
profile was used to establish the zone of horizontal 
variability, i.e. the zone width (Figure 4).  

The LiDAR elevation at the coordinates of the 
MHWS-10 and TWL zone on each profile was then 
linearly interpolated to connect the beach profiles 
along the coast, and these were intersected with the 
Digital Elevation Model (DEM) to determine the on-
ground extents of the shoreline zones. 

3. Results 
3.1 TWL zone elevation validation 
The 1-month ARI wave height was selected to 
represent the lower TWL elevation, considering the 
lower typical visual shoreline indicators (see Figure 
5), because: 

• It correlates with the elevation of beach 
interface features in areas with a natural 
coastline (QE Park, Paraparaumu to Ōtaki 
Beach) (Figure 5). However, it does not 
correlate well with the beach interface near  
seawalls and revetments (i.e., Paekākāriki and 
Raumati) confirming that coast parallel 

Legend (Profile 420) [4b] 

Legend (Profile 300) [4a] 
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TWL 
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structures are a poor validator of a practical 
land-sea boundary and we wouldn’t expect the 
lower TWL to align with the beach interface 
because of the artificially low beach elevation. 

• It aligns with the uppermost elevation of the 
active beach features where waves and tides 
routinely shape beach morphology (Figure 5). 

• All backshore features which are not directly 
controlled by wave process (e.g., vegetation 
lines, scarping and dunes) are above this 
elevation (Figure 5) hence this guides the 
offshore extent of a practical land-sea 
boundary. Areas further offshore than this are 
on the active beach and are regularly subject to 
wave or tidal processes. 

• It aligns with the lowermost debris lines which 
were deposited by waves during recent high 
tides and relatively frequent storm events. 
Areas further offshore than this will be swept 
clear of debris on a regular basis, especially at 
higher spring tides, and are on the active 
foreshore. 

• This elevation aligns with the lowest elevation 
of the upper structural features (i.e., “top of 
wall(s)”) indicating where waves are expected 
to overtop but not damage the structures under 
minor storms, assuming the walls have been 
designed to withstand ‘common’ storm events. 

The upper TWL elevation is based on the 10-year 
ARI wave height because it aligns with the upper 
typical visual shoreline indicators, being the:  

• Uppermost debris line which would have been 
deposited by largest waves (Figure 5) 
particularly from Raumati to Peka Peka. 

• Lowermost extent of the edge of vegetation 
which is controlled by the salt spray zone and 

dune undercutting by the largest of waves 
(Figure 5).  

• The lowest elevations of “dune” (Figure 5).  
where the survey indicated dunes which were 
beyond the uppermost visual shoreline 
indicator. 

• The uppermost elevation of the upper structural 
features align with this elevation (Figure 5) 
indicating where the risk of wave overtopping 
damage is heightened.  

• Well above all active beach features and beach 
interface features (Figure 5). 

3.2 Shoreline zones 
This method produces two land-sea boundaries and 
their zone of variability (Figure 6): 

1 The MHWS-10 zone which represents where 
the definition of the legal CMA land-sea 
boundary is expected to be by excluding wave 
processes. 

2 The TWL zone which represents where the 
practical land-sea boundary is expected to be, 
and which encompasses the range of 
commonly used shoreline indicators such as the 
foredune toe, vegetation lines and debris lines, 
amongst others. 

These zones are seen to be narrowest where the 
beach is steep and has been stable over the 18-year 
beach survey period, such as along the hard-
engineered shorelines of Raumati and Paekākāriki, 
or the gravel barrier near Ōtaki River mouth. 
Conversely, the zones are wide where the beach is 
broad and flat such as Paraparaumu, or where the 
beach position fluctuates over the survey records 
such as near the Waikanae River mouth and the 
natural shorelines of QE Park. 

Figure 5  Elevation and location of surveyed visual shoreline indicators (grouped by feature type) with calculated MSL, 
MHWS-10, Upper TWL and Lower TWL elevations. Place names positioned to within ±1 km. Horizontal axis shows 
linear distance from survey datum at beach profile No. 200. 
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This combined TWL method recognises that the 
practical shoreline is defined by both tidal and non-
tidal processes, as, for example, the position of a 
tidally-defined legal CMA boundary is consistently 
seaward of the practical boundary. This also 
demonstrates that only in the most sheltered 
estuarine locations is a legal CMA boundary likely 
to align with practical shoreline indicators as was 
found for the Auckland region estuaries ([17]). For 
this study, even the most sheltered location behind 
Kāpiti Island, a legal CMA boundary is still 
approximately 1.0 m below the practical shoreline 
indicators (Figure 5).  

 

 
Figure 6  Mapped example of shoreline zones at a) 
location with seawalls (Profile 280) and b) shoreline zones 
at Waikanae River mouth (Profile 350 and 360).  

The use of shoreline zones demonstrates that a 
legal CMA boundary is not well defined with a 
permanent fixed line but covers a zone of variability 
that is influenced by morphological change, and the 
process-geomorphology of a dynamic sedimentary 
shoreline. Similarly, the practical-defined shoreline 
will be subject to longer term changes from coastal 
processes, climatic variability and sea level change. 
The two zones also clearly show that the legal CMA 
boundary is seaward of the “practical” shoreline 
zone, although, they can overlap in highly variable 
locations. Rather than place emphasis on a fixed 
shoreline, the shore zones identify a broader zone 
of variability that is influenced by morphological 
change and includes land that might be considered 
landward of the MHWS or legally defined CMA from 

a single ‘fixed in time’ survey of the beach. This 
approach better aligns with the reality that natural 
sedimentary shores are buffer zones subject to 
varying natural processes, rather than the notion of 
fixed coastlines or shorelines.  

4. Discussion and implementation 
4.1 Implementation 
Practically, if a cadastral boundary or a section of 
coastal infrastructure is close to or on the MHWS 
zone, then further work is required to define the 
land-sea boundary as that feature or land parcel 
may have  previously been inside the CMA due to 
fluctuations in the beach position (i.e., at some point 
during the 18-year survey period at Kāpiti). This 
may involve a survey using the levels provided from 
the numerical analysis of MHWS-10 and TWL 
elevations. 

If a boundary or asset lies close to or within the TWL 
zone then it indicates that it is located near to where 
the practically natural shorelines are likely to be, 
such as the vegetation line, dunes, or debris lines. 
If coastal infrastructure or property are within or 
seaward of this zone, they have the potential to be 
affected by coastal hazards over time (i.e., it is 
within reach of the wave runup), and be subject to 
flooding, erosion debris impact, dune scour or 
vegetation dieback and may warrant a more 
detailed site-specific risk assessment. 

4.2 Limitations 
The approach of using two shorelines and their 
zone of variability was designed to be as objective 
as possible, however there remain some limitations 
to the applicability and interpretation of the results. 
Firstly, scale/resolution limitations where this 
assessment is a district scale assessment and is not 
at individual property scale. Although, this approach 
provides a useful screening-level estimate. 
Secondly, data/information limitations where this 
assessment is reliant on 18 years of coastal 
surveying and hence does not include all notable 
erosion events where the practical land-sea 
boundary was further inland for a time (e.g. [9]). 
Finally, a methodological limitation where the 
deliberately simplified qualitative/quantitative 
approach doesn’t fully resolve all coastal processes 
and natural variability which affect the definitions of 
a practical land-sea boundary. Some qualitative 
interpretation was required where the dominant 
physical controls are not purely coastal processes 
(i.e. at stream mouths and estuaries) and inland of 
coastal structures (such as seawalls and 
revetments) with more complex wave runup and 
overtopping behaviours. 

5. Conclusions 
A new, pragmatic, method has been developed to 
address the need for jurisdictional resolution across 
the practical and legal definitions of the ambulatory 
land-sea boundary. This method addresses the 
need for a pragmatic and constructive definition of a 
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land-sea boundary by reconciling both the common 
definitions (legal and practical) and accounting for 
the inherent shoreline variability (vertical and 
horizontal) over time. 

The method combines a suite of common coastal 
monitoring data, numerical wave modelling, tide 
forecasting and LiDAR to determine shorelines and 
their zones of variability over time. This attempts to 
provide clarity for land-use planning and where 
jurisdictional responsibilities lie along the beach-
front properties facing coastal change, as well as 
permissions and responsibility to regulate activities 
such as driving on the beaches. 

By using this method, coastal resource managers 
and planners can provide additional and pragmatic 
clarity of the land-sea boundary, which: 
• circumvents the ambiguity that both the legal 

and practical land-sea boundary are not 
permanent fixed lines but are dynamic and 
fluctuate freely within a zone; on a weekly, 
monthly and annual basis 

• accounts for the stricter legal definition of land-
sea boundary by describing an objective datum-
based shoreline definition (MHWS-10 
elevation) and its zone of variability. 

• accounts for a pragmatic definition of the land-
sea boundary by delineating the TWL zone as 
the area where coastal morphology dominates 
landforms and where the shoreline may be 
expected on any given day. 

• provides a district-scale screening approach to 
assess whether a proposed development (such 
as land subdivision) or coastal structure 
(seawall) is situated within an area that is 
potentially the responsibility of either (or both) 
local government jurisdictions. 

• provides guidance, from numeric values, which 
may be used in supplementary investigations 
where more detailed surveys are required. 

This method may be updated by the inclusion of 
newer beach survey, LiDAR or wave information; 
and could also be expanded in future to include 
numerical modelling of future coastal processes 
with sea-level rise.  

As more dramatic changes in shore zones occur 
over time from ongoing sea-level rise, assessments 
of the land-sea boundary will need to be regularly 
updated. The approach outlined in this paper is 
amenable to ongoing revisions of boundary, but 
leaves questions open about how frequently (and 
how) jurisdictional and cadastral boundaries should 
be changed in future. 
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Abstract 
This research develops a simple interdisciplinary, agent-based, multi-hazard risk interaction model with an 
integrated dynamic adaptive pathways planning component and uses it to investigate impacts of representative 
concentration pathway (RCP), shared socio-economic pathway (SSP), and three different cost apportionment 
schemes to the form and function of a shallow coastal human-environment system 130 years into the future. 
Here, ‘Cost apportionment’ refers to the decisions related to who pays for climate change adaptation: 1) 
individuals, 2) governments, or 3) a mixture of individual and government responsibility. We explored how the 
cost apportionment decision influences the cost and availability of building insurance in a complex human-
environment system. 

 
RCP proves to be the main driver of economic impacts and insurance availability - higher insurance costs are 
associated with higher greenhouse gas emissions scenarios and vice versa. Slightly higher insurance 
premiums relative to building values are seen when costs are entirely borne by central and local government, 
rather than if costs are entirely borne by individuals within the insurance market, or with a mixed payment 
approach, but the difference in premiums driven by cost apportionment is an order of magnitude lower than 
the impact of RCP. Cost apportionment has no discernable impact on insurance availability in any scenario. 
This research demonstrates that, 1) simple agent-based models are useful for highlighting socio-economic 
impacts of multiple interacting hazards and cost apportionment on system form and function (where system 
refers to geophysical, hydrological, social, political, economic and cultural interactions); and 2) multi-hazard 
risk interaction analysis can be meaningfully undertaken using a simple rule-based code structure. The impacts 
shown herein indicate the capacity of the human-environment system of our selected case study example - a 
suburb within a New Zealand coastal city - to bear the financial costs incurred by various alternate cost 
apportionment options and climate change scenarios. 

 
Keywords 
Agent-based model, cost apportionment, climate change, climate adaptation, climate finance 
 
1. Introduction 
In recent years, global climate change governance 
has been dealing with the issues of who should 
bear the costs of adaptation and mitigation 
strategies in the multi-hazard coastal environment. 
Boston and Lawrence [1] concluded that equitable 
burden-sharing and long-term cost minimisation 
are critical goals for funding climate change 
adaptation. Three options for burden sharing 
discussed in the literature, which we investigate 
here, are: 1) individuals using market instruments 
such as insurance and finance, 2) rates and taxes 
collected by subnational and national 
governments, or 3) a combination of individual and 
collective payments [2; 3; 4; 5; 6; 7; 8]. We use the 
term ‘cost apportionment’ to refer to the decisions 
related to who pays for climate change adaptation 
[9]. Current climate change adaptation funding 
arrangements are widely recognised to be unfit for 
purpose since they address costs after damage 
has occurred, rather than anticipate foreseeable 
risks [1; 10]. It is predicted that sea level rise (SLR) 
will compromise insurance availability in New 

Zealand in the coming decades [11]. The chosen 
cost apportionment approach will influence the 
interactions between geophysical, hydrological and 
‘social, political, economic and cultural’ (SPEC), 
referred to here as ‘system’ form and function.  
 
This paper investigates whether simple, easy to 
use models can be used to investigate the relative 
influence of RCP, SSP and cost apportionment on 
insurance cost and availability. We explore how 
RCP, SSP and cost apportionment decision 
influence the cost and availability of building 
insurance in a complex human-environment 
system. We do this through developing and testing 
a relatively simple agent-based model (ABM) of the 
human-environment system in and around 
Tauranga Harbour, New Zealand, with an 
integrated applied dynamic adaptive pathways 
planning (DAPP) component to simulate societal 
adaptation to hazard impacts [12]. The model is 
used to investigate the impacts of multi-hazard risk 
interactions (MHRI) including inundation, erosion, 
groundwater intrusion and sea level rise on system 
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form and function between 2010 and 2150 under 
the three cost apportionment choices. ABM is 
being used increasingly to simulate cumulative 
effects of MHRI impacts on both geophysical and 
social-ecological systems (e.g. 13; 14; 15; 16). The 
objectives pursued in this paper are: 1) to examine 
the ability of a simple MHRI DAPP ABM to highlight 
RCP, SSP and cost apportionment impacts on 
system form and function, and 2) to test the model 
using future climate change scenarios. 
 
2. Methods 
The tailored model developed for testing the 
objectives is named Multi-Hazard Coastal ABM 
(MHCABM). Developed in NetLogo v6.1.1 [17] 
using the rule-based Scala coding language, it is 
an integrated MHRI DAPP ABM with five 
interacting hazards – erosion, inundation, 
groundwater intrusion driven by intermittent heavy 
rainfall/inundations (storm) impacts, and SLR 
(Figure 1). The model simulates the period 2010 to 
2150 – sufficient to simulate mandated planning 
timeframes in New Zealand of at least 100 years 
[18; 19]. MHCABM is an adapted version of Human 
Environment Estuarine Systems Investigator 
(HEESI) [20], with different timesteps, a much 

shorter runtime, an integrated DAPP subsystem 
and no ecological subsystem. 
 
The adaptation pathways coded in to the applied 
DAPP submodel were determined from a series of 
workshops held by the authors, with the indicators 
for pathway changes adopted from Lawrence et al. 
[21]. A DAPP is used for anticipating risk where 
decisions are needed today to avoid lock-in of 
maladaptation; risks change over time and 
increasing flexibility is needed to adopt different 
adaptation pathways and options. The intent of the 
applied DAPP is to allow the simulated society to 
make timely adaptation decisions in response to 
hazards, minimising their socio-economic impacts. 
The integrated DAPP in this model included seven 
indicators (with associated ‘trigger’ values that 
instigate a change in adaptation behaviour) and 
five options; the integrated DAPP chooses an 
action based on what trigger became active and 
what an appropriate action would be to respond to 
it, determined by expert judgement. A detailed, 
standardised description of MHCABM using the 
Overview, Design Concepts, and Details (ODD) 
protocol of Grimm et al. [22; 23] can be found at: 
[24]. 

 

 
Coastal erosion and flood hazard information in 
Tauranga Harbour was extracted from NIWA [25] 
and Tonkin and Taylor [26] reports commissioned 
by the Bay of Plenty Regional Council, Tauranga 
City Council and Western Bay of Plenty District 
Council. Data from map layers was converted for 

use in the highly stylised patch-based spatial 
system used by NetLogo, with each patch 
representing one hectare. The model focuses on 
the Mount Maunganui – Omanu area of Tauranga. 
The study site is broadly typical of urban coastal 
areas of the North Island that will be affected by 

77



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Who pays for climate change adaptation? Investigating RCP, SSP and cost apportionment impacts using a simple multi-hazard model 
Allison, A.E.F., Stephens, S.A., Blackett, P., Jozaei, J., Matthews Y., Dickson, M.E. and Lawrence, J. 
 
sea level rise. Each person and building in the 
model represents approximately 15 
persons/buildings in the real system; the number 
simulated has been downscaled to make the model 
less computationally intensive. The model was 
assessed by experts considering scenarios in a 
workshop setting and comparing them to 
analogous real-world scenarios. 
 
MHCABM is designed to be used in the 
BehaviorSpace area of NetLogo; users set up an 
experiment with all scenarios, and choose either 
one or multiple cost apportionment options. Future 
scenarios are adopted from Frame et al. [27], and 
present six alternate potential futures for New 
Zealand. Scenarios fit within a matrix of IPCC 
representative concentration pathways (RCP) of 
greenhouse gas emissions CO2 equivalent and 
IPCC shared-socioeconomic pathways (SSP) [28] 
for energy, land use and emissions. A user 
compares results from six scenarios (Figure 2) to 
examine the influence of RCP and SSP on 
insurance cost and availability. Note that RCP 4.5 
and 6.0 follow the same rate of SLR until 2150 [30] 
and so are treated together in this paper. 
 
Cost apportionment lets a user decide between 
three cost apportionment regimes, where the costs 
for climate change adaptation and mitigation are 
either borne individually, collectively, or a 
combination of the two. The New Zealand Index of 
Socioeconomic Deprivation for Individuals 

(NZiDep) [31] was used to determine proportions 
of people unable to adapt to climate change under 
different cost apportionment decisions; in the 
NZiDEP 1 is the least deprived cohort and 9 the 
most deprived.  

• Collective cost-allocation means that 
all agents can adapt to climate 
change, with costs borne entirely 
through rates and taxes,  

• Individual cost-allocation means that 
only those agents lower than or 
equal to 7 (of 9) on the NZiDep can 
adapt (due to entirely individual cost 
apportionment), and  

• Mixed cost-allocation means that 
agents lower than or equal to 8 on 
the NZiDep can adapt and bear half 
of the costs, while the remainder are 
paid via rates. 

An individual’s deprivation is attached to the 
building people live and their deprivation changes 
over time as buildings change in value in response 
to exposure to risk and adaptation actions taken. 
As deprivation and vulnerability are predominantly 
relative rather than absolute [32] MHCABM uses 
relative deprivation, with the most deprived groups 
in all scenarios impacted in the same way. The 
different SSPs have widely different distributions of 
SPEC variables (e.g. population growth, income, 
insurance costs), so absolute comparisons would 
lack context and meaning.  

 

 
Figure 2. Scenarios presented in MHCABM, with a brief overview of scenario details and the scenario location in the RCP-
SSP matrix. Sea level rise at 2150 for each RCP is shown to the left. Adapted from Lawrence et al., [21] (after Frame and 
Reisinger [29]). 
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MHCABM assumes no change to net worth over 
time driven by inflation or change in property 
prices, rather mean net worth only changes in 
response to 1) costs incurred in adaptation and 2) 
new development, which is modelled as the 
creation of new wealth. New developments are 
allocated insurance and maintenance costs 
commensurate the property values and household 
income levels.  
 
Two predictor variables (Scenario and cost-
allocation) were allocated different values for the 
various simulations. Two response variables 
(mean household insurance costs as a proportion 
of net worth, and percentage of buildings unable to 
obtain insurance) that correspond to the cost 
apportionment decision were then compared 
between simulations where a single common 
predictor variable was allocated a range of different 
values. In all scenarios initial insurance costs are 
set at the value of 2% of a building’s net worth [33; 
34], and as net worth differs dramatically over 
SSPs, it has been fixed at 2% of net worth in all 
scenarios. Insurance costs change over time in 
response to adaptation actions taken, and 
exposure to risk. 
 
Model outputs at the final timestep of January 2150 
were plotted. 1000 iterations per simulation were 
used, a suitable number for a heuristic tool 
developed to improve system understanding [35; 
36; 37; 38; 39]. 
 
3. Results 
The integrated DAPP in MHCABM affects model 
findings through the selection of actions; the 
actions selected determine how many buildings are 
exposed to hazard impacts, acting as a trigger 
under different scenarios. The DAPP pathways are 
determined by trigger activation driven by the RCP-
SSP interactions in the six scenarios. The DAPP 
pathways are independent of cost apportionment. 
Thus, the DAPP influences model findings through 
selecting different pathways in different scenarios, 
with flow-on effects for the insurance costs and 
availability within a scenario. However, in all 
scenarios the DAPP followed a similar pattern of 
pathway changes, with RCP controlling the timing 
of the changes; the higher the RCP scenario, the 
earlier the shifts between pathways begins.  
 
RCP had the most important influence on 
insurance costs as a percentage of real net worth, 
with cost apportionment acting as a secondary 
driver (Figure 3). The rate and extent of SLR is the 
main driver of insurance costs and availability, with 
higher SLR causing higher insurance premiums 
and more widespread insurance withdrawal. 
MHCABM suggests that in five of six scenarios, 
insurance costs are higher under collective cost 
apportionment than under either mixed or 

individual cost apportionment. This is driven by 
collective cost apportionment reducing net worth 
and increasing insurance premiums of all buildings 
(rather than only those buildings impacted), which 
drives up the mean cost of insurance relative to 
mean net worth: the lower net worth under 
collective cost apportionment drives relatively 
higher insurance costs. In the case of Unspecific 
Pacific, individual cost apportionment results in the 
highest mean insurance premium. This is due to 
storm impacts being so widespread under RCP 8.5 
that nearly all buildings with highly deprived owners 
(NZiDEP 8 and 9) are unable to obtain insurance; 
this results in lower mean net worth and leads to 
relatively higher insurance premiums as a 
percentage of net worth than either collective or 
mixed cost apportionment. 

 

 
Figure 3. Mean insurance costs, adjusted for changes in 
net worth over simulations, in each scenario, under each 
of the three cost apportionment options.  
 
The relative cost of insurance to real net worth in 
2150 is notably higher than the initial setting of 
insurance costs being 2% of initial net worth. Mean 
insurance costs in RCP 2.6 scenarios increases by 
a ×2.5 factor, in RCP 4.5 and 6.0 scenarios by 
×3.5–4, and in RCP 8.5 scenario by ×8. MHCABM 
outputs point to the possibility of a non-linear 
relationship between SLR and socio-economic 
impacts, in line with the findings of Boston and 
Lawrence [1]. The model suggests (perhaps 
unsurprisingly) that if the world follows an RCP 8.5 
trajectory, disproportionately high impacts 
disrupting global, national and local socio-
economic systems can be expected, with the 
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possibility of widespread insurance withdrawal 
from low-lying coastal areas. 
Neither the cost apportionment decision nor SSP 
had a discernable influence on the percentage of 
homes unable to obtain insurance in any scenario 
(Figure 4). RCP was predicted to be the driving 
force behind insurance availability. Insurance was 
most obtainable in scenarios with the lowest SLR, 
and increasingly unobtainable in scenarios with 
higher SLR. Under RCP 2.6 scenarios the mean 
percentage of uninsurable buildings was between 
3–5%; under RCP 4.5 and 6.0 scenarios means 
ranged from 5–10%, and under RCP 8.5 means 
ranged from 10–20%. SLR is the same at 2150 in 
both RCP 4.5 and 6.0, reflected in the near 
identical distributions shown under the Clean 
leader and Homo economicus scenarios. 
Alongside the data shown in Figure 3, this 
demonstrates that RCP is the primary driver of 
insurance premiums and availability in MHCABM; 
both insurance premiums and insurance 
availability are primarily determined by exposure to 
hazards driven by SLR, rather than cost 
apportionment decisions. The high mean 
insurance premiums in Unspecific Pacific are 
driven by simulations in which a large number of 
damaging events or a large number of buildings 
impacted by damaging events have occurred, 
resulting in widespread insurance retreat (Figure 4) 
and only the most expensive houses (that are 
outside the immediate coastal hazard area) 
remaining insurable; this process drives up the 
mean price of insurance relative to mean net worth. 
 

 
Figure 4. Mean percentage of homes uninsurable in 
each scenario under each of the three cost 
apportionment options. 

4. Discussion 
The results presented in this paper successfully 
demonstrate the ability of a simple MHRI DAPP 
ABM to highlight RCP, SSP and cost 
apportionment impacts on system form, through 
testing of the model under six scenarios. 
MHCABMv1 highlights differences in insurance 
cost and availability in coastal systems under six 
scenarios of climate and social change. The 
integration of a SPEC system into a geophysical 
MHRI model allows for a more holistic envisioning 
of future changes in a human-environment system 
than traditional single-hazard models [13; 40]. 
 
While MHCABM is a simple, exploratory model, it 
can suggest non-linear interactions resulting in 
differences between different model simulations. 
Global climatic changes (represented by RCP) are 
suggested to have a far greater impact on 
insurance cost and availability in areas exposed to 
sea-level rise than either SPEC (SSP) or cost 
apportionment due to the overwhelming impact of 
emissions-driven SLR. MHCABM suggests that the 
cost apportionment decision influences insurance 
premiums, but has no impact on the availability of 
insurance, which the model suggests is entirely 
driven by RCP. 
 
This research contributes to the growing body of 
literature investigating private and public cost 
apportionment for coastal hazard adaptation. With 
RCP being suggested as the main driver of both 
insurance premiums and insurance availability in 
MHCABM, results from this research raise 
questions around ‘moral hazard’ [1]. If cost 
apportionment regime has only minimal impact on 
insurance availability, and collective cost 
apportionment results in higher mean insurance 
premiums and lower mean building net worth, is it 
fair to require wider society to pay for climate 
change impacts that will not directly impact on 
them? Should the principle of caveat emptor / 
buyer beware apply to the purchase of coastal 
property? And from when? There will inevitably be 
the need to move low-lying assets owned by local 
and national government (three waters systems, 
electricity, roads, rail, etc.) or undertake expensive 
retrofits and redesign, as sea levels rise and their 
function becomes compromised. Where should the 
burden of cost apportionment responsibility fall for 
private assets, particularly when the most affected 
coastal dwellings tend to have higher than average 
property values at present [41]? Should those who 
in many cases have reaped the benefits of 
disproportionate property value increases driven 
by the market become beneficiaries of state 
assistance – paid for by all ratepayers/taxpayers – 
when their properties are inevitably impacted by 
coastal hazards? In other words, should avoiding 
moral hazard be the fairest driver of equitable and 
cost-effective adaptation cost apportionment? 
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Under mixed cost apportionment the selected 
response variables fall in a range of values 
between collective and individual cost 
apportionment, in most cases closer to individual 
than collective. Multiple New Zealand and 
international examples [2; 4; 5; 7] make clear that 
the burden of paying for climate change adaptation 
is a complex socio-political issue, one with inter- 
and intragenerational considerations [10] and one 
that is unlikely to have a distinct individual or 
collective answer [1; 42]. A mixed cost 
apportionment scheme, certain to come in a 
different, more complex form than simulated by 
MHCABM, has the added benefit of minimising 
moral hazard by incentivising people to act in ways 
they would not normally act because it is 
detrimental to their own individual and collective 
financial interests. 
 
When addressing uncertainty and complex 
problems in human-environment systems, the 
findings of this research should give confidence to 
other researchers that, 1) simple agent-based 
models are useful for highlighting socio-economic 
impacts of multiple interacting hazards and cost 
apportionment on system form and function; and 2) 
MHRI analysis can be meaningfully undertaken 
using open-source software and a simple rule-
based code structure. The impacts described in 
this paper show the capacity of the human-
environment system of our selected case study 
example to bear the financial costs incurred by 
various alternate cost apportionment options and 
climate change scenarios. This study indicates that 
future greenhouse gas emissions will have the 
biggest influence on insurance cost and 
availability. 
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Abstract 
Storm surge assessment in a context of sea level rise is a major preoccupation for coastal planners and safety 
authorities of coastal areas. With an increasing demographic pressure in these areas, a realistic and accurate 
assessment of hazard is needed to ensure the development of cities and the protection of citizens. Tropical 
areas are subject to tropical cyclones which can produce severe storm surge induced by both wind/pressure 
and waves generated locally or remotely. In order to accurately assess the threat, an extensive modelling of 
the surge can be achieved with models which account for the hydrodynamic impacts but also the waves. 
Moreover, assessment of return periods for extreme events also requires a long record of events to cover the 
considered period. To overcome these issues, we propose here to investigate the impact of sea level rise 
(SLR) in Darwin Harbour, Northern Territory, Australia with the extensive modelling of 417 tropical cyclones 
using a synthetic database derived from historical storm tracks and which reflects the climatology of events 
over a 10,000 year time period. The modelling of storm surges is then performed using a coupled 
hydrodynamic and wave modelling system (SCHISM/WWM). Storm-surge simulations were undertaken for 
existing and future scenarios where SLR was based on the design reference year of 2075 with an increase of 
0.6 m relative to 2020. Return periods have been calculated for surge hazard and the contribution of each 
parameter in the actual and future configurations are detailed.  The study provides an insight into the influence 
of SLR in the next 50 years on waves and surge patterns in Darwin Harbour. 
 
Keywords: tropical cyclone, storm surge, sea level rise, Northern Territory 
 
1. Introduction 
Coastal communities are becoming increasingly 
vulnerable to extreme water level as coastal areas 
become more and more populated. Under the 
anticipated impacts of future climate change, the 
projected gradual rise in sea level will increase the 
frequency of such events over time and their spatial 
and temporal distribution becomes then a key step 
in risk mitigation. 
 
Extreme water level results in the combination of 
astronomical tide, atmospheric pressure deficit, 
winds driven shoreward water accumulation, wave 
induced setup, wave runup and over-topping. 
Although considered separately, these factors may 
not present a hazard, this is the combination in time 
and space that triggers extreme water levels. 
 
For decades models have been used at global and 
regional scale and within a climate change 
perspective to quantify these extreme water level 
hazards [24] through the concepts of Average 
Recurrence Intervals (ARI) or Annual Exceedance 
Probabilities (AEP). These models can be 
probabilistic using historical records, or purely 
deterministic provided that enough information is 
available to simulate hazard and consequences.  
 
In tropical regions the probability of extreme water 
level induced by Tropical Cyclones (TC) is not an 
easy task if we rely on tide gauge records only since 
historical records of TC are usually not long enough 
[9]. The method to overcome this issue that has 
been widely explored in the past decades is the 
generation of synthetic TC tracks [2] [6] [12]. In such 
an approach, TC tracks and intensities are 

statistically resampled and modelled from an 
underlying dataset, which can be either historical 
TC tracks or meteorological datasets from climate 
models. [7] used this type of method to estimate the 
present-day extreme water level exceedance 
probability around the coastline of Australia. In their 
study, they investigated tide surge interaction based 
on two cases with a small and large tidal range (1 m 
and 10 m). They concluded that these interactions 
should be considered for large tidal range and then 
used random tide against each event.  
 
In the framework of a larger study and following the 
previous work of [20] [21] [22], an extensive study 
has been conducted within the Darwin Harbour area 
to assess extreme water level within a climate 
change perspective. Using a 10,000-year tropical 
cyclone climatology as well as a 30-year hindcast 
reanalysis of atmospheric conditions from which 
ARIs were calculated for most essential contributing 
factors of storm surges. 
 
The present paper focuses on the method and a 
sensitivity analysis on the contribution of the 
different parameters implicated in the simulation of 
the storm surge.  
 
2. Method 
2.1 Study Site 
The region of Darwin Harbour, Northern Territory, 
Australia, is located about 12.5 deg latitude South.  
The harbour is open to the Beagle Gulf and the 
Timor Sea to the north-east and sheltered by the 
Tiwi Islands to the North. Tide ranges up to 8 m with 
mean spring range about 6 m and mean neap range 
around 3 m. These macro-tides also produce strong 
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currents that can peak at speeds of up to 2-2.5 m.s-

1. Tidal flows between Mandorah and East Point 
have been measured in the order of 120,000 m3.s-1 

[25].  
 
The latitude of Darwin Harbour makes it subject to 
tropical climate features such as monsoon and 
eventually tropical cyclones, the most destructive 
one being TC Tracy that devastated the city of 
Darwin in December 1974 
 
2.2 Modelling approach 
The method has been designed to define extreme 
waves, water level, currents as well as their joint 
probability between extreme waves and extreme 
water levels for Darwin Harbour, for the 2075 
horizon. The population of non-TC extremes and TC 
extremes were separated, and two different 
methods applied, using a 30-year hindcast, for the 
non-TC extreme, and a 10,000-year database of 
synthetic TC events. Both approaches used 
deterministic process-based models to simulates 
events for which sensitivity analysis was conducted 
on the main contributing factors of the total storm 
surge. From these simulations, statistical analyses 
were applied to derive ARIs and joint probabilities. 
The datum chosen for the study is the Lowest 
Astronomic Tide (LAT), equal to 4.105 m below 
Australian Height Datum (AHD). 
 
2.3 Climate change 
In a similar method presented in [11] available 
information for the regional climate change 
consequences, have been assessed for each 
contributing factors. Projected changes in tide and 
monsoon have been deemed not significant and 
only projected changes in Sea Level Rise (SLR) and 
TC tracks and intensity have been considered. 
According to [23] and the reassessment for 
Australia-specific SLR presented in [17], the 
proposed 2075 SLR allowance is 0.6 m. 
Assessment of projected changes for the northern 
Australian region near Darwin is made according to 
[14] and showed that intensity change remains 
essentially the same as the global estimate of a 
+5% change by 2100. 
 
2.4 Non-TC extreme events modelling 
Ambient conditions and non-TC extremes were 
simulated using the spectral wave model SWAN [3]. 
A 30 year hindcast was run from 1990 to 2019. This 
simulation was only used for non-cyclonic 
conditions, as the global forcing does not 
appropriately resolve the cyclonic vortex field 
accurately. Thus, all cyclone signatures were 
carefully removed from the time series. The model 
was configured in non-stationary mode including all 
third-generation physics. Full spectral boundaries 
from the parent SWAN hindcast domain were 
prescribed from a global implementation of the 
WAVEWATCHIII (WW3) spectral wave model run at 
0.5 deg resolution. Tide was also included in the 

wave model using tidal constituents forcings from 
the Oregon State University Tidal Inverse Solution 
(OTIS) [5]. Wind data included a 30 years of near-
surface wind conditions from the Climate Forecast 
System Reanalysis CFSR and CFSv2 products 
[19]. 
 
2.4.1 SWAN calibration 
The model was calibrated and validated against 
available observations including AIMS/IMOS.  
Comparison ware conducted against measured 
wave data at the IMOS ADCP (Figure 1) at the 
entrance of Darwin Harbour. Results show a good 
agreement between measured and modelled with a 
small bias of less than 0.1 m and Root Mean 
Squared Error of 0.19 m. Comparison with the 
shortwave record within East Arm (Figure 1) were 
also conducted with a corrected Bias on CFSR wind 
to match measured wind at this location. 

 
2.5 TC Extreme Events modelling 
2.5.1 Wind forcing 
The accuracy of the present study relies on a 
synthetic TC climatology forming the underlying 
climate reference. The synthetic statistical TC 
climate is founded on a “double-Holland” wind and 
pressure profile and has been constructed by using 
the historical Bureau of Meteorology Australia 
(BoM) TC track and intensity data together with a 
variety of hypothesised storm structure and scale 
relationships [12]. The climatology is then 
transformed into numerically generated ocean 
surface wind and pressure fields to simulate the 
regional response of many thousands of tropical 
cyclones. 
 
To validate the synthetic TC wind climate used here, 
a long-term statistical analysis of the 66 years 
record of winds at Darwin Airport has been 
undertaken for when influenced by tropical cyclones 

Figure 1 Study site bathymetry and station locations. 
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within a 300 km radius. Most of the 8,600 synthetic 
TC events contained in the 10,000 years 
climatology will not produce significant impacts 
within the harbour. The ARI range of 2 to 1000 
years, without a priori knowledge, would have 
required around 900 events to be modelled. A pre-
selection of event became necessary to drive the 
high resolution toward TC selection that would 
impact Darwin Harbour. Once pre-estimated and 
ranked the impacts at this specific location, only the 
number required to reach a particular ARI is 
necessary such as presented in Table 1. 
Table 1 Number of Ranked Magnitude Events Required 

events 10 20 100 200 250 500 1000 
ARI (year) 1000 500 100 50 40 20 10 
 
The design TC event selection is provided by the 
SEAsim model, which is built upon the coupled 2D 
barotropic hydrodynamic model MMUSURGE [16] 
and the spectral wave model WAMGBR [8]. A 
previous version of the model has provided 
statistical storm tide design water levels throughout 
Australia and especially Darwin [20] [21] [22]. The 
principal role of SEAsim was to filter and reduce the 
10,000-year synthetic TC event set down to a 
manageable number of events to facilitate the 
higher resolution harbour modelling. 
 
Tide phase is also provided within the SEAsim 
framework since each event comes with its own 
time frame and thus with an associated tide phase 
that reflects the probability of the conjunction of tide 
and TC occurrence. Figure 2 provides a schematic 
of the methodology adopted for the tropical cyclone 
severe storms impact analyses, which was 
conducted in two stages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2.5.2 Storm surge modelling 
Simulations of the 417 synthetic TC events were 
undertaken using the fully coupled 
Hydrodynamic/Wave model SCHISM/WWMIII [26], 
configured in 2D depth averaged, barotropic mode. 
An unstructured grid was covering the Timor Sea 
from Timor coasts to Darwin Harbour. Resolution 
ranged from 7 km to 25 m in Darwin Harbour. 
Flooding areas in low lying areas and mangroves 
were represented within the grid with varying drag 
coefficient according to mangrove and bottom 
substrate. 
 
To assess the importance of some of the 
contributing factors, simulations have been 
conducted with and without some parameters. 
Thus, amplitude and phases of the global FES2014 
[4] tidal model was applied at the boundary for a 
series of simulation as well as the same series 
without tide but a mean sea level instead. The same 
methods applied for waves which were turned on 
and off for the same number of scenarios.  
 
Wave breaking dissipation was depth induced only, 
according to [1] formulation and using a breaking 
index of 0.73. Wave induced momentum flux from 

Figure 2  Outline of the TC events methodology 
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waves to currents and water levels, is based on the 
radiation stress formulation of [15]. Water level and 
wave parameters were extracted at the Peak Hs and 
at the Peak Storm Tide for both sensitivity analysis 
and extreme value analysis. 
 
2.5.3 SCHISM/WWM calibration 
Model calibration was performed against field data 
of water level, current and waves available both 
inside and outside Darwin Harbour. Water level 
compared at two locations (Figure 1) inside the 
harbour are presented in Figure 3. 

Currents have also been used for calibration inside 
and outside the harbour at location IMOS-ADCP 
(Figure 1) and show good correlation of current 
magnitude and direction. Wave measurements 
inside the harbour where very limited therefore 
calibration was conducted using Harbour entrance 
data collected during the TC Carlos (2020) and 
satellite data also during TC Carlos for the outer 
domain. A correlation of R2= 0.84 with 0.12 m bias 
was found, showing the ability of the model to 
replicate TC wave height within the computational 
domain. Water level during extreme events was 
validated with the storm surge available during the 
TC Tracy [10] and presented in Figure 4. 
 
 
 
 
 
 
 
 

2.6 Statistical Analysis 
A Peaks over Threshold (POT) sampling method 
was used for event selection, applying the 95th and 
99th percentile exceedance level as the threshold for 
Hs and storm tide, respectively, with a minimum 24-
hour window between each storm peak. 
 
The Generalized Pareto Distribution (GPD) was 
used, with the Maximum Likelihood Method (MLM) 
applied to find the best-fit of the sampled events to 
the model distribution. ARI for non-TC and TC 
extremes were then merged. For each return period 
value of parameter considered, the corresponding 
merged ARI was obtained as follows: 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = � 1

𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇
+ 1

𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛−𝑇𝑇𝑇𝑇
− 1

𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇𝑇𝑇×𝐴𝐴𝐴𝐴𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛−𝑇𝑇𝑇𝑇
�
−1

                
(1) 

 
2.7 Sensitivity analysis 
In order to assess the importance of each factor and 
their contribution in the total water level, simulations 
were conducted with specific parameters such as 
tide, waves or SLR turned off one by one. Maximum 
values of surge, Hs and mean period were then 
compared with simulation with all parameters turned 
on for different location in the harbour to assess the 
importance of their contribution. 
 
3. Results 
 
3.1 Combined Non-TC and TC Joint 

Probabilities 
The combined TC and non-TC ARI curves for both 
peak Hs and peak storm tide are illustrated in Figure 
5 and Figure 6, respectively in East Arm. Combined 
extreme significant wave height in East Arm are in 
the order of 0.52 m, 1.09 m, 1.26 m and 1.79 m for 
the 10, 50, 100 and 1000-year ARI respectively, 
with the TC conditions dominating the extreme at 
about the 25 years ARI and above. 
 
 
 
 
 
 
 
 

Figure 3 Comparisons between measured water levels at  
ADCP-2 and BoM NTC station and associated scatter 
plots ( left and right bottom panel respectively). 

Figure 4 Comparison of measured and modelled 
(SCHISM) water level during TC Tracy 
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Combined extreme Storm Tide at the reference 
location East Arm are in the order of 8.77 m LAT, 
8.84 m LAT, 8.87 m LAT and 10.10 m LAT for the 
10, 50, 100 and 1000-year ARI respectively, with 
the TC conditions dominating the extreme from 
about the 100 years ARI and above. 
 
3.2 Sensitivity analysis 
Several places in the three main arms of the harbour 
were investigated (Figure 1). Important spatial 
disparities were observed, and the most important 
differences concerned the presence of tide and 
were observed in the Eat Arm of the Harbour.  
 
3.2.1 Effect of tides 
Figure 7 shows the maximum of mean wave period 
reached during each event when using a mean sea 
level (no tide) or using the tide phase provided by 
the SEAsim model.  

 
These differences of mean period between each 
event have repercussion in the global distribution of 
events and are presented on Figure 8 showing more 
events within the 6-7 sec period. In this figure the 
ranking is made according to the maximum mean 
period so that events on the x axis do not represent 
the same event for each configuration with or 
without tide. 

 
To more appreciate how the mean period can vary 
for each event, Figure 9 shows the distribution of 
period difference for the same events where we can 
see that events simulated with random tide phase 
are likely to show longer mean period.  

Figure 5 Combined TC and non-TC significant wave 
height return period values in East Arm (2075 SLR 
scenario) 

Figure 6 Combined TC and non-TC storm tide return 
period values in East Arm (2075 SLR scenario) 

 
Figure 7 Maximum period for each TC event for 
simulation without tide (orange) and with all options (blue) 
at station OUT9 in the East Arm 

Figure 8 Maximum period for each TC event ranked. 
Orange are simulation without tide and blue with tide. at 
station OUT9 in the East Arm 

 

Figure 9 Density of probability of the difference in 
maximum period of event simulated with tide - event 
simulated without tide at station OUT9 in East Arm.   
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The distribution of total surge affected by the tide 
phase against mean water level in the central arm 
of the harbour is presented in Figure 10 for all 
events ranked according to the total surge and in 
Figure 11 where events are compared.   

3.2.2 Effect of Waves 
The effect of waves in East Arm (location OUT9) is 
expressed on Figure 12. The direct contribution of 
waves is more likely to reduce the surge, although 
the mean difference of –1 cm can be considered 
insignificant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3 Effect of SLR 
The sensitivity of SLR in the storm surge (without 
tides) in the East Arm is in the order of 0.1 cm with 
a trend of reducing the surge in case of SLR (Figure 
13).  

 
On the other hand, the direct effect of SLR on waves 
would be an increase of wave Hs of about 0.05 m in 
east arm and about 0.15 m in the central arm of the  
Harbour (Figure 14).  
 
 
 

Figure 10 Ranking of maximum surge of events simulated 
with tide (blue) and events simulated without tide (orange) 
at station OUT15 in the central arm 

Figure 11: Density of probability of maximum surge 
difference between events simulated with tide and events 
simulated without tide at station OUT15 in the central arm 

Figure 12: Density of probability of maximum surge 
difference between events simulated with tide and events 
simulated without tide at station OUT9 in East Arm. 

 

Figure 13: Density of probability of maximum surge 
difference between events simulated with SLR (0.6m) 
and events simulated at current sea level at station OUT9 
in East Arm. 
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4. Discussion 
The sensitivity analysis provides here some 
interesting information about the range of events 
covered by the method. The choice of the 
parameters included or not affects the distribution of 
events as for example the tide used for each event. 
The phase has an important impact on the 
distribution of the events represented. Indeed, the 
type of distribution presented in Figure 9 where 
each event is compared is of less importance than 
the ranked events as presented in Figure 8 and 10. 
 
In the case of Figure 10, only the tail of the 
distribution will be affected with the major event 
having 1 m surge difference. The rest of the 
distribution is quite similar. Whereas on Figure 8 the 
whole distribution is affected where different type of 
events is represented.    
 
The differences attributed to specific factors in the 
sensitivity analysis results from the eviction of one 
factor only. The relation of component between 
each other is not investigated. For example, the use 
of waves in combination with and without SLR since 
higher water level reduces wave breaking and 
hence may reduce wave induced setup component. 
These types of combination require more runs and 
should be part of future investigation. We must keep 
in mind that surge is not the total water level, and 
this analysis does not provide information whether 
these differences occur in conjunction of a total 
extreme water level 
 
The final return period curves combining non-TC 
and TC simulations are providing values slightly 
above the available data provided by [7] and [18] 
model outputs available online. The sensitivity 
analysis indicates that the wave setup does not 
contribute greatly to the total storm surge. However, 
the tests over the contribution of waves were run 

independently and the combination of parameters 
may have more effects.  Note that even with wave 
setup included in the total storm surge, wind and 
pressure forcing used for each model are also 
different and may remain the largest source of 
uncertainty. 
 
Climate change impact was assessed through sea 
level elevation for each numerical simulation 
according to water level defined in a posteriori and 
a sensitivity on this impact was undertaken and 
showed that SLR has the more significant impact on 
both storm tide levels and peak wave heights. When 
projected changes in TC intensity and frequency are 
considered, these create opposing effects that 
attenuate their combined impacts in the harbour. 
 
Many uncertainties remain regarding interaction 
between SLR and the factors contributing 
individually to the total water level [13]. These 
interactions, such as the effect of SLR on tides and 
waves for example, have not been considered in 
this study. 
 
5. Conclusion 
A database of 417 tropical cyclones representative 
of the past 10,000 years have been used to simulate 
extreme coastal hazard events in Darwin Harbour. 
Return period values were calculated and combined 
from both cyclonic and non-cyclonic extreme value 
analyses. A sensitivity analysis was conducted on 
the main contributors of extreme levels. The 
contribution of wave setup is minor in the total surge 
generated during extreme events and the 
contribution of the tide appears to be the dominant 
process in the storm surge. 
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Abstract 
Aotearoa New Zealand’s environmental management framework recognises surf breaks as coastal resources. 
Sustainable coastal management benefits from establishing natural baselines to characterise resources. The 
dynamism and subjective evaluation of surfing, combined with a paucity of physical datasets, makes it difficult 
to establish a quantitative baseline. 
 
Remote Camera Systems (RCSs) are used by coastal scientists to monitor physical process and parameters. 
RCSs collect large amounts of repeatable data for a low overhead labour input. This research leverages data 
collected from an RCS with a field of view of Waikeri (Manu Bay), a Surf Break of National Significance. The 
camera system collects 1200 images every hour, each day during daylight hours. The data used in this work 
comprises ~1 million images taken at midday over 3 years. A data subset was used to train a Fully 
Convolutional Neural Network (FCNN) to automatically detect wave breaking patterns, including the wave 
break point and unbroken wave crest orientation. From the dataset more than 750,000 images contained 
functional data. The FCCN targeted more than 1.5 million break points and wave crests, each with an 
associated confidence parameter. Post processing steps included the georectification of targets with a 
transformation matrix leveraging ground control points, and the derivation of each break points peel angle – a 
key quantitative parameter of surfing wave quality associated with the speed at which a wave breaks laterally 
along its crest. The peel angles were evaluated against coincident tide and wave statistics. 
 
This work established a medium-term quantitative baseline of surfing wave quality for Waikeri using a remote 
camera monitoring system and a trained FCNN. In terms of quantitative and meaningful surfing wave quality 
monitoring, this is the first application of this technology combination. This approach can be readily replicated 
at other sites to aid in the sustainable management of surfing resources. 
 
Keywords: Surfing wave quality, surf break, peel angle, machine learning, resource management. 
 
1. Introduction 
Surfing resources have a range of values and 
contribute to the natural character and landscape of 
the coastline, have high recreational, cultural, and 
amenity values, and provide a distinct subsector of 
the tourism industry. As such, in Aotearoa New 
Zealand surfing resources are recognised by the 
statutory instruments. The Resource Management 
Act (1991) and the New Zealand Coastal Policy 
Statement (NZCPS), which under the RMA is 
mandatory, are both key. The 17 Surf Breaks of 
National Significance (SBNS), designated under the 
NZCPS, cumulatively occupy approximately 4.5 km 
of coast, 0.0003 % of the Aotearoa New Zealand 
coastline. 
 
The sustainable management of surfing resources 
has become the focus of coastal planning 
throughout Aotearoa New Zealand at a full range of 
municipal levels. Sustainable resource 
management benefits from establishing natural 
baselines to characterise resources and ongoing 
monitoring. The dynamism and subjective 
evaluation of surfing, combined with a paucity of 
physical datasets, makes it difficult to establish a 
quantitative baseline. 

 
Of the quantifiable physical characteristics of surf 
breaks [16], peel angle (α) lends itself most readily 
to monitoring. The peel angle was originally 
described as the angle between the trail of broken 
white water and the crest of the unbroken part of the 
wave [23]; is directly related to the rate that the 
breaking part of the wave translates laterally and 
has been evaluated against skill levels [13]. Earlier 
research recognized the value of aerial photographs 
for measuring peel angles [13,17,18,19,24], and the 
advent of readily available repeat satellite imagery 
provides more cost effective and temporal 
opportunities [e.g., 3,5]. Despite this, these data 
sources only offer snapshots in both time and 
space. 
 
Previous investigations have recognised the value 
of shoreline based oblique photogrammetry for surf 
break assessments [20,22], and early efforts to 
monitor a Multi-Purpose Reef in Boscombe, UK and 
derive peel angle from geo-rectified imagery yielded 
meaningful results [1]. This was however, at the 
expense of many hours in the field and many more 
manually measuring peel angles from geo-rectified 
images. 
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Remote Camera Systems (RCSs) have been 
employed by coastal scientists and researchers for 
many years [12] to monitor physical process and 
parameters. RCSs collect repeatable data for a low 
overhead labour input, and are capable of high 
frequency data collection – which ideally suited for 
studying ephemeral physical phenomena such as 
individual breaking waves. In 2017, a research 
program focused on addressing the lack of clear 
quantitative measures or guidelines describing the 
characteristics and functionality of a surf break 
[2,3,4]. As part of this project 5 RCS were set up, 
including one at Waikeri (Manu Bay), on the west 
coast of Aotearoa New Zealand’s North Island 
(Figure 1). The RCS collects 1200 images @ 1 Hz 
every hour, each day during daylight hours. 
 

 
Figure 1   Study site location. Map insert shows national 
location. White circle: location of wave climate data 
extraction. Yellow box: Waikeri. Red circle: RCS location. 
The large, vegetated area south of Waikeri is Mt Karioi. 

 
As part of the research project an automated 
system was developed to measure peel angle 
angles from geo-rectified images [15]. While the 
automated system provided comparable results to 
manual measurement efforts, the system was 
compute-intensive. It relied on pixel intensity 
gradient methods [7,10], iterative search and refine 
techniques and ultimately filtering for outliers of the 
final dataset. 
 
A Fully Convolutional Neural Network (FCNN), 
object detection model [14] is employed to analyse 
~1 million images taken at midday between May 
2017 and June 2020. Model development used a 
pool of ~2000 images with a 70-20-10 train-valid-
test split. All instances of surfable breaking waves 
in each image were annotated with breakpoint and 
crest location. Development of the model to 
automatically detect wave break points and 

unbroken wave crest orientation [6] included more 
than 60 training runs that considered different 
combinations of annotations (e.g., crest length), 
model complexity, pretrained weights, epoch size, 
image sizes, batch size and hyperparameters. 
Object detection by the model occurs in less than 
20 milliseconds on a low-end graphics processing 
unit. Of the ~1 million images, 773,270 yielded 
detectable objects, amassing 1,594,645 break 
points and crest combinations each with an 
associated confidence parameter. A wave tracking 
algorithm, considering detection confidence vales of 
0.5 and above, yielded to 117,540 individual peeling 
waves (consecutive break point clusters) 
comprising of 665,520 break points. 
 
Figure 2 provides an example of consecutive 
images RCS with traced breakpoints and crests 
from the FCNN, with post-processed peel angle 
values. Waikeri is a long point break [16], breaking 
on, and adjacent to, a fan-shaped andesitic boulder 
field that abuts black titano-magnetite sand [2] on 
the northern side of Mt Karioi on Aotearoa’s west 
coast. The western end of the point consists of a 
mesoscale scale wedge, with a superimposed ridge 
at the western end of the point [18,22], this area 
known as “The Ledge”, is where waves break in a 
fast and hollow manner. From aerial photographs, 
measured peel angles at Waikeri have been shown 
to be between 30-75°, with lower (faster breaking) 
angles across “The Ledge” and increasing 
thereafter; peel angles have been shown to vary 
along the length of the surfable wave; mean peel 
angle was reported as 65° [13,22]. 
 

 
Figure 2   Example to show part of the field of view of the 
RCS, with automated break point detection and crestline, 
wave tracking and peel angle. This set is from the 3rd of 
May 2018 during modest conditions 2.2 m @ 12.2 s from 
236°. 
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This work calculates and evaluates peel angle 
against coincident tide, wind, and wave statistics; 
whilst establishing a medium-term quantitative 
baseline of surfing wave quality for Waikeri. 
 
2. Methods 
Pre-processing steps included image registration 
[e.g., 21], to account for camera movement and 
allow accurate geo-rectification, detection through 
the FCCN and the development of a breaking point 
tracking algorithm and filtering techniques [6]. 
 
Post processing steps included the georectification 
of targets with a transformation matrix leveraging 
ground control points measure with RTK GPS [2], 
and the derivation of each break points peel angle. 
Peel angle was calculated for each time stamped 
breakpoint using the dot product of the vectors 
representing waves crest and for both the preceding 
and following breakpoint position. This provided a 
mean value for α, no differences between the 
forward and backward measurements were 
apparent. From the breakpoint locations, along 
track breaking length and maximum speed were 
calculated. Given the abundance of data point, the 
number of individual waves and break points were 
further reduced by omitting waves of less than 3 
points (seconds), and any waves containing with α 
values of less than 0° or greater 90°. The final data 
set consisted of 100,517 waves comprising 533,100 
data points. 
 
Between May 2017 and June 2020, the 
environmental parameters of Significant Wave 
Height (Hs), Mean Wave Period (Tm), Mean wave 
Direction (Dm), Hs of total swell (Hsts), Tm of total 
swell (Tmts), Dm of total swell (Dmts), Hs of wind waves 
(Hsww), Tm of wind waves (Tmww), Dm of wind waves 
(Dmww), and wind speed and direction where 

extracted every hour between from a 0.5° resolution 
global re-analysis [11]. Tidal water levels were 
predicted every minute form a 1/12° model [9]. The 
tide, wind and wave data were extracted from -
37.76, 174.74, 9 km north-northwest of Waikeri 
(Manu Bay). Each time stamped break point was 
assigned a value for each environmental parameter 
through spline interpolation. 
 
Basic statistics were first calculated to characterise 
the study site. Cross correlations of dependent to 
independent variables were undertaken, with 
thresholds of wave height and period for inclusion in 
the analysis. To determine if spatial relationships 
between α and independent variables exist, the data 
was binned at 25 m2 with regression of each 
variable in each bin; then secondary binning of 
water level (wl) bins: wl <=-0.95 | -0.95 < wl <=0 | 0< 
wl l <=0.95 | 0.95 < wl; where water level is in metres 
relative to Mean Sea Level; isolating low tide, low to 
mid, mid to high and high tide conditions. 
Populations of less than 10 were discarded. In each 
bin, statistics of α and a correlation with 
independent variables was calculated. 
 
3. Results 
Figure 3 shows geolocated breakpoints overlain on 
a georeferenced aerial photo. The data has good 
spatial coverage and exhibits a full range of α. In 
general terms, lower values for α occur at the 
western end of the point, and high values in the 
eastern end. Close to shore at the eastern end there 
is a spatially consist area of α, ~40°. There is a lack 
of data in a ~200 m long area, starting ~50 m north 
of the breakwater, creating a northern arm and 
southern arm to the break point spatial distribution. 
The insert of Figure 3 shows a depression in the 
bathymetry [2] in this area; the bathymetric data was 
collected on the 26th of August 2017. 

 

 
Figure 3   Filtered surfable break points detected between May 2017 and June 2020; colour graduated based on peel 
angle. The insert shows the same breakpoint locations with a depth isobath overlay. The nearest contour to land is -0.5 m 
(MSL), contours are in 1 m increments.
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The mean α for the entire dataset is 60.0°, and 
61.2°, 59.5°, 59.9°, 60.9° for low to high tide bins, 
respectively. A full range of α values (0°-90°; Figure 
4) are apparent in all tidal subsets. Lower α are 
generally observed closer to the shoreline and to 

the western end of the point (Figure 4). In the low to 
mid tide subset there is a small area close to shore, 
mid-way along the point, of low mean α values, 
around 30°. 

 

 
Figure 4   Mean peel angle (left) and range (right) in 25m2 bins for all tidal heights (top left) and the 4 tidal water level bins. 

 
Cross correlations of all parameters against the 
dependent α yielded no significant results. The 
largest correlation coefficient (r) values of ~0.1 were 
for tide and Hsww. Limiting the analysis of data to a 
range of Hs and Tm (full sea, wind, and swell 
variations) offered no increase. The data set was 
simplified by integrating α over time using the daily 
time blocks. A cross correlation of this dataset 
provided {negative} coefficients of -0.24, -0.16 and 
-0.14 for Sdww Hsww and Tmww, respectively; and 
{positive} coefficients of 0.22, 0.17m, 0.16, 0.15, for 
Tm, tide, Tmts and Hsts, respectively. 
 
Considering all data (no wl binning), tide exhibits a 
relatively strong relationship to α, with r values 
reaching 0.6, and consistently >0.3 through the 
inner section of the point (Figure 5). Of the tidally 
binned data, only the lower tide results exhibit a 
spatially consistent correlation with tide, and more 
so with the low to mid tide data set. The Highwater 
levels shows little spatial consistency. 
 
From Figure 6, Hs and Hsts show spatially consistent 
positive coefficients of ~0.5 around the inner section 
of the point; and weak, sporadic, but abundant, 
negative correlations in the offshore and western 
areas. The positive relationship on the inner point 
diminishes with increasing tide. 
 

 
Figure 5   Correlation coefficients between predicted tidal 
water levels and peel angle in 25m2 bins. 

 
When considering all tides and low to mid tide, Tm 
and Tmts exhibit positive coefficients with the 
northern arm, and some consistency along the 
sand/boulder interface of the southern arm 
(Figure°7). At low tide there are widespread, 
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negative correlation values (↑Tm ≈ ↓α) at the 
offshore/western end. These relationships are not 
consistent with Tmww. The wind wave correlations, 

for all wave variables were, in general, very poor. 
Correlations with wind speed and direction yielded 
no noteworthy results. 

 

 
Figure 6   Correlation coefficients between Hs (left) and peel angle and Hsts (right) and peel angle in 25m2 bins for all tidal 
heights (top left) and the 4 tidal water level bins. 

 

 
Figure 7   Correlation coefficients between peel angle and Tm (left) Tmts (right) in 25m2 bins for all tidal heights (top left) and 
the 4 tidal water level bins. 

 
4. Discussion 
Analysis of the breakpoint dataset identified a large 
area at the eastern end of the point where surfable 

wave breaking does not occur. This area aligns with 
a depression in the bathymetry. Given that the 
hydrographic survey was undertaken ~3 months 
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after the start of the data collection period, the lack 
of breakpoints in the dataset being consistent 
through to June 2020, indicates that this seabed 
feature is persistent. 
 
The mean α estimate 60° is less than, but 
comparable to, that estimated in previous studies 
(65°); the range of observed α is wider: 0°-90°, 
compared to 30°-75° [13]. The offset between mean 
α values could be a product of previous work 
focusing on certain surfable conditions, whereas 
this work consider a wide range of conditions. The 
fact the two mean values are so close is likely to be 
a testament to the consistency of the surf break to 
deliver surfable peel angles and likely a function of 
the preconditioning that aligns wave crest to more 
favourable orthogonal directions [18,19]. 
 
The results indicate lower mean α values at the 
western end of the point, increasing along the length 
of the point to the east, which is consistent with 
observations of The Ledge, where faster breaking 
occurs [13]. Bin population reduces when the data 
set is constrained to lower tides, which is a time 
associated with surfability at The Ledge. Alterations 
to water level bins may provide more clarity around 
the influence of independent variables on The 
Ledge. 
 
This work did not identify a significant correlation 
between α and wave direction variables, which 
could again be testament to affective offshore 
preconditioning of waves to the favoured orthogonal 
direction. The correlation with tide is stronger on the 
inner section of the point. In addition to tide, the 
inner point shows the most notable relationship to 
the environmental variables of Hs, Hsts, Tm, and Tmts. 
However, the correlations are not significant. 
 
In theory, both wave height and period can correlate 
with peel angle positively and negatively. Increasing 
period will align wave orthogonals to depth 
contours, which will reduce peel angle (negative 
correlation), however a longer period wave has the 
potential to break in deepwater as a function of 
wave height, reducing the time and space to refract, 
thus increasing peel angle (negative correlation). 
The permutations for wave height and period 
combinations and their influence on peel angle 
really need to be considered in the context of both 
depth and seabed gradient. 
 
Preliminary investigations to restrict analysis to a 
dataset from the area on the inside of the point (that 
has shown some correlation), limiting the wave 
period to those greater than 10 s, wave heights to 
those greater than 1 m and less than 3 m, water 
levels to low-mid, and wind speeds to less than 
5°ms-1, yields improvements in area based 
coefficients with r values of 0.34 and 0.29 for tide 
and wave height, respectively. 

Correlation analysis has used a linear model to 
identify relationships between peel angle and 
environmental variables. Peel angle itself is a 
function of wave propagation in the nearshore and 
breaking, which are nonlinear processes. Nonlinear 
regression and multivariate analysis may reveal 
more meaningful relationships. In addition, 
improvement and potential research steps could 
consider narrowing the analysis down spatially to 
other discrete areas (e.g., The Ledge) and/or 
binning the incident wave climate, and/or targeting 
a ranges of peel angles. This work has not covered 
ride length, section length or wave breaking speed 
in any detail. While these parameters are not surfing 
wave quality indicators, they are subjective qualities 
that surfers look for in a surf break and should 
certainly be assessed with this dataset against other 
published works [e.g., 19,20], and compared to 
environmental variables. 
 
The wave data used here is some 9 km from the 
study site at an exposed location. The large 
headland of Mt Karioi acts to precondition not only 
wave crests, but also acts as a high frequency filter 
during the predominant south-westerly conditions 
[16]. More site specific met-ocean variables with a 
higher temporal resolution and narrowed spectral 
width, such as that which could be retrieved from a 
higher resolution spectral wave model, may yield 
more significant correlations. In addition, the water 
level data is predicted from a model based on tidal 
harmonics. A local water level, which would include 
barometric and other non-tidal water level signals, 
may help resolve any relationships. 
 
What this investigation does provide is a first 
attempt at spatially characterising peel angle at a 
surf break, which is substantial step toward a 
standard of establishing a quantitative 
environmental baseline for surf breaks. The data 
collection method, and the speed of detection, lends 
itself to real-time surfing wave quality monitoring, 
using the tracking algorithm to create, report and 
record a peel angle product – as opposed to saving 
all images and post processing, which have an 
associated storage, connectivity, and compute 
overhead. 
 
Despite analysing 106 data points, this is still only a 
snapshot of the overarching dataset as this work 
only considered data collected at midday. This work 
has also been ruthless in omitting data points, using 
a relatively high confidence threshold for detection. 
The FCCN itself acts as a marginal surfing wave 
quality filter, as it was trained using images taken 
during relatively clean conditions. If more detections 
during inclement conditions were included, a 
correlation to local wind speed would be a likely 
starting point for further investigation. 
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5. Summary  
The ongoing monitoring and establishment of 
natural baselines of coastal resources are 
imperative to sustainable management. This work 
presents the results of monitoring the surfing wave 
quality parameter of peel angle using a novel 
technique that used a remote cameras system and 
machine learning. The camera system provides the 
ability to consistently monitor surfing wave quality, 
instead of relying on a snapshot from aerial and 
satellite imagery. The result is an abundance of data 
that requires detailed analysis. 
 
While no significant correlations to environmental 
variables have been identified. Relationships 
between peel angle and tide, wave height and 
period, and their spatial variability have been 
identified. 
 
In terms of quantitative and meaningful surfing wave 
quality monitoring, this is the first application of this 
technology combination. This approach can be 
readily replicated at other sites to aid in the 
sustainable management of surfing resources and 
could be used in real-time surfing wave quality 
reporting. 
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Abstract 
The Shoalhaven City Council Local Government Area (LGA) contains over 165 km of open coastline and 
includes several coastal townships where both private and public assets are exposed to coastal hazards. This 
risk will increase over time due to projected sea level rise and shoreline recession. In 2020, Council identified 
a number of local wastewater assets (pump stations) located along the low-lying coastal fringe that are 
vulnerable to coastal hazard damage, and commissioned Water Technology Pty Ltd to assess potential 
mitigation options to protect the assets. 
 
The assessment examined a range of potential coastal adaptation solutions that followed the traditional 
pathways of Avoid, Accommodate, Retreat and Protect. Given the high replacement costs associated with 
these assets, the assessment was guided by a robust cost-benefit analysis. This included an analysis of the 
cost of functionally maintaining the assets, the cost of implementing traditional coastal adaptation pathways, 
and the costs of asset damage due coastal hazard impacts.  
 
Coastal hazard damage costs are weather dependent, with costs being incurred after severe storm events. As 
such, these costs cannot be precisely forecast over future planning periods. Therefore, a stochastic approach 
was adopted that provided the statistical range of potential damage costs. This assessment utilised a Monte-
Carlo methodology, whereby the 30-year assessment period was simulated 1,000 times using a sequence of 
randomly generated storm events. 
 
The statistical distribution of forward costs and benefits (including avoided damage costs) were then assessed 
to identify the most cost-effective solutions – in consideration with other environmental, social, and planning 
criteria. The project is a case study in the utilisation of robust economic analysis to inform coastal management. 
 
Keywords: coastal management, adaptation, cost benefit analysis, economic analysis. 
 
1. Introduction 
In 2018, the Shoalhaven Coastal Zone 
Management Plan Risk Assessment [2] identified 
several critical wastewater assets that were 
considered to be exposed to a “high” or “extreme” 
degree of coastal hazard risk. These assets 
comprise a series of sewage pump stations (SPSs). 
The pump stations are strategically located to pump 
wastewater from low points within the wastewater 
network to maintain gravity flow to the treatment 
plants. Accordingly, these assets are located at low 
points along the urban coastal fringe, and are 
exposed to varying levels of coastal erosion and/or 
coastal inundation risk. 
 
In 2020, Shoalhaven City Council (SCC) 
commissioned Water Technology to identify a range 
of potential options to provide the required level of 
coastal protection – and to assess and rank these 
options from a cost/benefit perspective. The 
objective of the study was to assess potential 
lifecycle costs over a nominal forward planning 
period of 30 years. 
 
This paper provides a case study for using robust 
economic analysis as a tool in coastal management 
decision making. This applied methodology is 

considered particularly relevant for investigations of 
the cost and benefits of coastal protection, and 
coastal adaption options for at risk infrastructure.  
 
2. Background 
2.1 The Study Area 
The SCC Local Government Area (LGA) is located 
on the mid-south coast of New South Wales, 
Australia, starting approximately 120 km south of 
Sydney. The coastline extends for over 165 km, 
from Shoalhaven Heads to North Durras, refer 
Figure 1. This makes the SCC LGA coastline one of 
the longest in the state. 
 
Located on the open coast of New South Wales, the 
SCC LGA coastline is exposed to a range of coastal 
hazards, including coastal storm erosion, long term 
shoreline recession and coastal inundation. The 
coastline has a long history of coastal hazard 
impacts. The most severe coastal storm events to 
have affected the LGA in recent decades include 
the May to June 1974 storms, and the June 2016 
east coast low event [9].  
 
Integrated and sustainable management of the 
coastal zone and coastal infrastructure is a high 
priority for Shoalhaven City Council [9].  
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Figure 1 Locality Plan of the Shoalhaven LGA. LGA area 
is depicted in yellow and is over 165 km in length. 

2.2 The Exposed SPS Assets 
The specific aim of the project was to assess 
potential coastal protection and adaptation options 
for four (4) low lying, coastally adjacent sewage 
pump stations (SPSs). The Shoalhaven Water 
Wastewater Asset Management Plan [10] identifies 
the assets in question as “Critical Infrastructure”. 
The four SPS assets are located within the primary 
dune system at Narrawallee, Mollymook and Collers 
beaches, refer Figure 2. 
 

 
Figure 2 Locality Plan depicting the locations of the SPS 
assets. 

Mechanical equipment within the SPS units 
includes a number of discrete components such as 
pump units, motors, electrical panels, and telemetry 
units. Individual components of mechanical assets 
may be replaced multiple times over the useful life 
of the overall asset.  
 
The total replacement value of each of the four 
assets ranges from around $250,000, up to $1.1m 
– depending on the size, nature, and function of 
their individual components.  
 
The assets have historically been exposed to 
damage from coastal hazards, including during the 
June 2016 east coast low event, see Figure 3. 
 

 
Figure 3 Transient Wave Run-up Inundation Observed 
During the June 2016 East Coast Low. Photograph taken 
at SPS unit Z1 at Narrawallee Beach. 

For brevity and simplicity, this case study will report 
on the assessment of asset SPS Z1, at Narrawallee 
Beach (Figure 2 and Figure 3). 
 
3. Coastal Hazard Exposure 
In order to inform the development of management 
actions, and asses their relative costs and benefits, 
it was necessary to undertake some preliminary 
coastal hazard analysis to determine the following 
information for each asset: 
• What is the approximate annual probability of 

coastal inundation and/or erosion affecting the 
asset? (and therefore, the annual probability of 
incurring damage related costs).  

• How will this annual probability of damage 
evolve over the 30-year forward assessment 
period - due to climate change impacts such as 
mean sea level rise and shoreline recession? 

 
Some information regarding coastal erosion and 
inundation across the study area has already been 
prepared in the most recently adopted set of coastal 
hazard mapping [1], which depicted the 1% Annual 
Exceedance Probability (AEP) coastal erosion and 
inundation hazards lines.  
 
However, in order to understand present day and 
future coastal hazard risks, it was necessary to 
understand the exposure of these assets to both 
lower and higher probability storm events over a 
range of future planning horizons. Therefore, 
preliminary coastal hazard analyses were 
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undertaken based on the existing coastal hazard 
information [1], in order to broadly quantify the AEP 
(%) at which each asset is exposed to erosion and 
inundation respectively – in the present day. This 
subsequently included undertaking the 
corresponding analyses for the future 2030 and 
2050 planning periods (that is, the forward 30-year 
life cycle period), based on the SCC adopted sea 
level rise projections, namely: 
• 100 mm for 2030; and 
• 230 mm for 2050. 
 
The following process was adopted to calculate the 
approximate AEP of coastal erosion and inundation 
affecting each SPS asset. 
 
3.1 Coastal Erosion 
The design storm erosion for higher frequency 
(lower severity) storm events was estimated 
through analyses of the existing beach 
photogrammetry record for each asset location. 
This data was obtained from the NSW Beach Profile 
Database [11], and typically extends back to around 
1950.  
 
For each site, historical storm erosion volumes were 
calculated from the records, using available data 
from before and after major storm events. Events 
that were available in the records included the May-
June 1974 storms, the August 1986 storm, the April 
2015 storm and June 2016 East Coast Low. 
Consideration was given to beach recovery in 
between the storm event and subsequent 
photogrammetric data point. 
 
Based on this, design storm erosion values were 
calculated for a range of AEPs through extreme 
value analyses. This process included calibration 
and verification of the proposed AEP storm demand 
values with the 1% AEP values previously 
calculated in the hazard study [1]. Once higher 
probability storm erosion volumes were calculated, 
the position of the resulting Zone of Slope 
Adjustment (ZSA) and Zone of Reduced Foundation 
Capacity (ZRFC) was derived based on the schema 
presented in Nielsen et al [6]. 
 

  
Figure 4 Schematic representation of dune erosion 
hazard. Reproduced schematic based on Nielsen et al, 
(1992). 

The authors acknowledge that, generally speaking, 
it is difficult to ascribe a probability of exceedance to 
storm erosion demand values, as storm erosion 
depends on multiple variables including wave 
height, water level at the time of the storm, wave 
direction, beach slope and the potential formation of 
localised rip cells. Therefore, the AEPs assigned as 
part of this assessment were considered as 
indicative only, and were derived for the purposes 
of comparing and contrasting the broad level of 
protection offered by potential coastal protection / 
adaptation options. 
 
3.2 Coastal Inundation 
In the first instance, the 1% AEP present day RU2% 
wave run-up level (the height above which only 2% 
of individual waves would be expected to exceed 
during a storm event.) was calculated using the 
empirical formulae [3] [4], and metocean criteria 
(waves and water levels) adopted by the existing 
hazard study [1]. By replicating the calculated 1% 
AEP run-up levels of the existing hazard study, this 
task ensured confidence in the assessment method, 
and provided consistency to the calculation of other 
AEP events. 
 
Foreshore slope and berm height data were 
obtained from photogrammetry datasets available 
for each site in the NSW Beach Profile Database 
[11].  
 
Using these variables, the same method was used 
to determine wave run-up extents for a range of 
additional AEPs, from 39.3% (2 years ARI) to 0.5% 
(200yr ARI).  The corresponding wave run-up levels 
were also determined for the 2030 and 2050 
planning periods, based on the Council’s adopted 
sea level rise projections. 
 
3.3 Exposure Summary 
Once the broader range of AEPs for coastal erosion 
and inundation were assessed at each location, it 
was then possible to determine the AEP at which 
damage of the asset would be incurred – based on 
the location and ground levels at the asset. The 
outcomes of this exposure assessment are 
provided below for Option Z1, in Table 1 and Figure 
5.  
Table 1   Estimated Exposure of Assets to Coastal 
Hazards – SPS Z1 at Narrawallee Beach. 

Hazard Asset Impacted at Event of 
Magnitude (AEP%) 

2020 2030 2050 
Coastal Erosion 1.0% 1.3% 1.8% 

Coast Inundation 10% 14% 25% 

 
It is acknowledged that inn open coast settings 
where long period swell governs design, it is often 
considered that design wave conditions are 
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independent of design storm tide levels, and design 
storm demand. Nonetheless, an appropriately 
conservative approach was adopted whereby these 
parameters were considered to be jointly occurring 
(dependant).  
 

 
Figure 5 Evolution of Coastal hazard Exposure over the 
forward 30-year life cycle period. 

The results show that coastal inundation damage 
may be expected at the assets with a recurrence 
interval of around 10 years under present-day sea 
level conditions. This is broadly verified by observed 
experience of historical inundation events. 
Importantly, the results also show that the projected 
mean sea level rise scenarios would result in the 
annual probability of coastal inundation affecting the 
assets increasing significantly over the forward 30-
year assessment period. It is estimated that wave 
run-up inundation will occur with around double the 
frequency by 2050, relative to the present day. 
 
Table 1 shows that the annual probability of erosion 
impacting each of the assets is in the range of 1% - 
with associated average recurrence intervals (ARIs) 
around 100 years. For asset SPS Z1, future 
shoreline recession is expected to be of the order of 
5 m by 2030 and 12 m by 2050 (similar future 
recession values apply to the other assets). Based 
on this, exposure to coastal erosion for some sites 
such as SPS Z1 is likely to significantly increase 
over the coming 30 years, with around double the 
annual probability of erosion damage by 2050. 
 
4. Coastal Adaptation Options 
Once the exposure of the assets was assessed, the 
next step was to identify potential management 
options to appropriately mitigate the level of risk.  
 
“End State” solutions are those that will present long 
term solutions to mitigate coastal hazard risk. 
Typically, these solutions involve active relocation, 
or the implementation of hard coastal protection 
structures such as revetments and seawalls. These 

end state solutions typically involve substantial 
costs and can involve lengthy funding and 
approvals processes.  
 
Therefore, in addition to identifying the long-term 
end state solutions, a number of “Transitional”, or 
“Interim” coastal management actions were 
identified in order to provide the optionality to 
mitigate coastal hazard risk in the short to medium 
term. Whilst these do not represent long term 
solutions, they can be considered as transitional 
measures, assisting to provide a level of protection 
against medium term risk over a nominal forward 30 
years planning period. 
 
A number of options were considered based on 
local suitability and practicality, as outlined below 
and summarised in Figure 6. 
 

 
Figure 6 Coastal Adaptation Pathways. Modified 
schematic based on NRDC, 2019 [5]. 

Active Relocation: The intent of an active relocation 
strategy is to relocate existing development outside 
of the area considered vulnerable to hazards, 
allowing this previously developed land to function 
as a future erosion buffer. In this particular instance, 
this would involve relocation of the assets to less 
exposed grounds (higher and farther inland). The 
costs to undertake these options would be of a 
similar magnitude to the replacement value of the 
structures and the connecting pipe network. 
 
Passive Relocation: The passive relocation (or “do 
nothing”) approach is to let the asset fail when the 
time comes. Planned abandonment is generally 

SLR 
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achieved by prohibiting post-storm reconstruction or 
by requiring relocation landward of the revised post-
storm setback control line.  
 
Accommodate: This involves adapting the assets to 
improve their resilience against inundation. 
Discussions with Council and inspection of asset 
records after the June 2016 east coast low event 
revealed that inundation (wave run-up) damage 
incurred by these assets resulted in damage to the 
telemetry units – that subsequently required 
replacement. Therefore, one method of 
accommodation could be to relocate the telemetry 
units to higher ground so as to remove/reduce the 
risk of this damage. 
 
Protection – Hard Structures: Seawalls are 
commonly used to provide a physical barrier to 
continuing shoreline recession. Due to their high 
cost of implementation, they are typically utilised in 
the situations where exposed assets have a very 
high social or economic value, and where relocation 
or adaptation are either not feasible or undesirable. 
 
For each of the assets, a series of site specific 
“Protect” options were developed. It should be 
noted that these concept options were developed 
for the purposes of a high-level cost comparison. It 
is anticipated that these designs would be refined 
through concept and detailed design stages if any 
of these options determined to be long-term 
solutions. Coastal protection options considered for 
the assets included: 
• Geotextile sand container (GSC) seawalls; and 
• Rock armoured seawalls. 
 
Coastal dune building/raising and rehabilitation: The 
presence of a vegetated dune system provides a 
natural defence mechanism against coastal 
inundation and erosion. While dune management 
may not often be considered an “end state” option, 
vegetated dunes certainly protect the dune system 
from storm events of minor to moderate severity, 
improve beach recovery and resilience, and 
enhance the biodiversity value and amenity value of 
the beach. Sand for dune building can be supplied 
through beach scraping and/or beach nourishment 
methods. 
 
5. Cost-Benefit Analysis Methodology 
The cost benefit analysis was undertaken in 
accordance with guidance set out in the. NSW 
Government Guide to Cost-Benefit Analysis [7] and 
the NSW Coastal Management Manual guidelines 
for using cost-benefit analysis [8]. For each SPS 
asset, the assessment included the following steps 
– for each proposed option. 
 
5.1 Capital Costs 
When determining the capital cost of each option, it 
was necessary to consider the upfront logistics of 

implementation. The cost of active relocation of the 
assets was estimated based on their replacement 
value.  
 
For coastal protection options such as seawalls and 
dune building, the capital cost for design and 
construction was estimated based on the 
development of preliminary concept designs, and 
the application of typical unit rates for design, 
materials supply, earthworks and construction. 
 
5.2 Maintenance Costs of the Coastal 

Protection Options 
Maintenance of well designed and constructed 
seawalls is generally limited to occasional repacking 
and replacement of armour units. 
 
For the purposes of estimating ongoing 
maintenance costs, a standard coastal engineering 
approach has been adopted based on applying a 
nominal maintenance cost of 1% of the capital 
construction cost for rock armoured structures, and 
2.5% of the capital cost for GSC structures - applied 
on an annual basis. 
 
Furthermore, a nominal design life of 15 years was 
applied to GSC units as part of the assessment. 
This assumed that exposed (outer face) GSC units 
need to be replaced after 15 years. Buried (under 
layer) GSC units were assumed to possess a longer 
design life of 30 years. 
 
5.3 Maintenance Costs of the SPS Assets  
For each SPS asset, ongoing maintenance costs 
will be incurred as a result of the individual 
components (for example, pump units, valves and 
pipework) reaching the end of their useful life – 
regardless of coastal hazard related damage. 
 
Therefore, to determine the true cost of each option, 
it was necessary to include the costs associated 
with maintaining the assets over the forward 30-
year life-cycle assessment period. This information 
was based on asset sub-component records and 
maintenance schedules provided by SCC. 
 
5.4 Coastal Hazard Related Damage Costs 
The 30-year Net Present Value (NPV) life-cycle 
costs calculated for each option included the 
additional costs associated with coastal storm 
related damage to the SPS asset - principally those 
associated with coastal erosion and coastal 
inundation. 
 
Unlike standard asset maintenance costs (Section 
5.3), these costs cannot be reliably predicted over 
the 30-year life-cycle period, as they are weather 
dependant. Potential costs associated with coastal 
hazard damage can vary significantly, from “no 
costs incurred”, to “complete replacement of the 
asset”, and everything in between. For the 
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assessment, it was crucial to capture the range of 
potential outcomes, and associated probability of 
incurring certain levels of cost. The purpose of this 
is to enable an informed, risk-based and robust 
decision-making process. 
 
A stochastic approach was adopted that provided 
the statistical range of potential damage costs. This 
assessment utilised a Monte-Carlo methodology, 
whereby the forward 30-year life cycle period was 
simulated 1,000 times using a sequence of 
randomly generated storm events. For each 30-year 
simulation period, storm events were randomly 
generated based on their annual exceedance 
probability (AEP). That is, in any given year a 10% 
AEP event (inundation and erosion) had a 10% 
probability of occurrence, and so on.  
 
Sensitivity analyses were undertaken using a range 
of simulation sequences (from 100 to 10,000 
simulations in length). Results showed minimal 
impact on outcomes for sequences exceeding 
1,000 simulations, and so this was adopted as the 
simulation basis for the analysis.  
 
Based on this storm sequencing, the costs 
associated with asset damage were then allocated 
as follows: 
 
a. Inundation damage was deemed to result in 

replacement of the telemetry unit. This damage 
was based on historical inundation events 
recorded by SCC. 
 

b. Erosion damage was deemed to critically 
compromise the asset. Therefore, damage 
costs equate to the replacement value of the 
entire asset. For each simulation period, once 
erosion damage was incurred, the simulation 
was terminated as it was assumed that the 
asset would thereafter be rebuilt/relocated in an 
unexposed location.  

 
It should be noted that for options such as active 
relocation, and seawall structures - no coastal 
hazard damage was deemed to be incurred, as 
these options ostensibly remove the coastal 
hazard risk. For other options such as dune 
building, a slight reduction in erosion and 
inundation risk was based on design dune 
heights and additional sand buffer volume. This 
component allowed for the differentiation 
between options that involve predominantly the 
upfront capital costs (associated with 
implementing such measures), and options that 
involve primarily delayed costs associated with 
incurring coastal hazard damage at a future 
date. 
 

c. Where storm damage was incurred to an asset 
or individual asset component, the asset 

maintenance cycle described in Section 5.3 was 
restarted, as it was assumed the asset or 
component has been replaced with a new one 
after the damage event. 
 

It should be noted that the forward 30-year life cycle 
period was simulated taking into consideration the 
increased exposure of the assets to inundation and 
erosion over time. For each year of the simulation, 
the probability of erosion and inundation occurring 
in that year was calculated by interpolating the 
values for 2020 (Year 0) and 2050 (Year 30) – which 
are discussed in Section 3.3 and depicted in Figure 
5. This resulted in a higher frequency of storm 
damage occurring in the latter years of the 
simulation, relative to the initial years. 
 
Based on the results of the 1000 simulations, the 
statistical distribution of potential future storm 
damage was assessed. Note that all 30-year life 
cycle costs were discounted to present-day (2020) 
dollars a Net Present Economic Value (NPEV) 
approach, in line with the NSW Government 
guidelines for Cost-Benefit Analysis [7], adopting a 
discount rate of 7% p.a. 
 
An example of this output is provided for SPS Z1 in 
Figure 7 below, which shows the probabilistic 
distribution of total 30-year life cycle costs for each 
option. It shows how for options such as Active 
Relocation, and Rock Armoured Seawalls, the 
potential range of costs are less variable, as no 
coastal hazard damage has been assumed to be 
sustained. However, for the other options, the 
likelihood of incurring significant future costs is 
highly variable, and dependent upon the level of 
protection provided by each option. 

 
Figure 7 Probability distribution of incurred costs for each 
option. 
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In this instance of SPS Z1, the threshold of incurring 
significant costs were largely related to the 
likelihood of experiencing erosion. Given the AEP of 
design erosion event affecting asset SPS Z1, the 
likelihood of experiencing erosion in a 30-year 
period is around 28-40%. 
 
5.5 Economic Benefits, and Cost Benefit 

Ratio 
In economic analysis, a party is judged to obtain a 
benefit when it does not have to bear a cost it would 
otherwise have to incur [7]. Assets that would 
otherwise be damaged or lost due to coastal 
hazards, technically benefit from management 
options that reduce or eliminate the risk from the 
hazard. 
 
For example, after active relocation, the realised 
economic benefits over the 30-year life cycle are 
essentially equivalent to the coastal hazard damage 
costs that would have been otherwise incurred. This 
is calculated based on the passive relocation (or “do 
nothing”) option. 
 
This approach allowed for the calculation of an 
economic cost-benefit ratio (CBR) for each option, 
based on the median values of costs and benefits. 
However, this also allowed for investigation of the 
potential range of CBRs for each option (based on 
scenarios of future storminess) to provide a basis 
for informed decision making. 
 
6. Multi Criteria Analysis 
Whilst the CBR and NPEV are important decision 
support tools, it is also important to understand that 
these metrics alone are not intended as a definitive 
statement of option ranking. Therefore, the CBR 
and NPEV were used as a metric in a wider 
multicriteria analysis (MCA) framework, that allowed 
assessment of potential options against social, 
cultural and environmental performance.  
 
This MCA assessment was therefore utilised in 
order to identify the preferred management options 
for each asset. 
 
7. Limitations 
Given the limited scope and timeframes on the 
project, it was also important to consider the 
limitations of the adopted economic analysis. It is 
acknowledged that the approach did not consider 
broader economic costs associated with coastal 
hazard damage impacting on the wider wastewater 
network - such as loss of revenue to local 
businesses, loss of recreational or tourism revenue 
(due to damage to the environment or infrastructure 
at the beach), or costs associated with any 
environmental remediation work caused by failure 
of the wastewater infrastructure. Whilst outside the 
scope of this study, incorporation of such 

considerations is possible through the outlined 
methodology.  
  
8. Concluding Remarks 
This paper provides a case study in utilising a 
probabilistic approach to cost benefit analysis, as a 
way of informing coastal management decision 
making.  
 
The methodology considers vulnerability of assets 
to coastal hazards, and how it changes over life 
cycle assessment period. The Monte Carlo 
methodology was used to assess probabilistic 
range of costs associated with each management 
options, and this provides a robust decision-support 
tool. 
 
However, it is noted that the cost-benefit is not 
intended as a definitive statement of option ranking, 
and should be considered as one metric amongst a 
range of social and environmental criteria.  
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Abstract 
The Ōpōtiki Harbour Development Project involves stabilising the entrance of the Waioeka River to allow 
reliable and safe access for maritime activity. This project is the first major river training works to be designed 
in New Zealand in over 100 years and includes twin 400 m long training wall breakwaters, dredging of a 
navigable channel into the harbour, and closing the natural river mouth. Accurate definition of wave height 
reaching the structure is a key design parameter for armour sizing, setting crest elevation and determining 
wave penetration into the harbour. To model wave processes for the design, a high-resolution numerical wave 
model was required to resolve nearshore transformation, refraction, diffraction, and reflection off the structure. 
The fully non-linear Boussinesq model Funwave-TVD was used to for this work, in conjunction with physical 
modelling in the wave basin with WRL. 
 
This paper discusses how numerical and physical modelling methods were used in a complementary and 
iterative manner to inform and test the design. Reflection was a key consideration during the modelling work. 
Reflection and any resulting convergence needed to be accounted for within the breakwater channel, however, 
amplification from reflection radiating out to the open sea needed removing to optimise the unit sizing. Wave 
reflection in the numerical model was assessed using a range of linear and directional spectral methods, with 
limited success. Improved handling of reflection for the design objective was achieved by repeating simulations 
with and without the breakwater structures. Reflection off the structures was controlled in the numerical model 
using a local friction on the breakwater face that achieved a reflection coefficient of 0.3-0.4 to match physical 
modelling observations. Physical modelling results were also used to validate and calibrate the numerical 
model. A scaled version of the final design was tested in a 3D physical model for confirmation of stability. 
 
Keywords: Wave modelling, coastal structures, Funwave, reflection. 
 
1. Introduction 
The Ōpōtiki harbour mouth is a highly dynamic 
environment, with channel migration and shifting 
sand bars preventing safe maritime navigation. The 
goal of the Ōpōtiki Harbour Development Project is 
to train the harbour mouth and dredge a channel 
that allows reliable access that will enable new 
industries in offshore aquaculture. The harbour 
mouth improvement design includes twin training 
wall breakwaters separated by a 120 m wide 
channel. The breakwaters will be positioned east of 
the present-day river mouth, which will be closed 
with beach fill as part of the design.  
 
The breakwater training walls extend 300 m 
offshore of the shoreline, to a depth of -4 m relative 
to mean sea level (MSL). Design of the breakwaters 
in the dynamic and wave exposed setting presents 
a significant coastal engineering challenge for New 
Zealand, with no similar structure being designed or 
constructed in the last 100 years. The breakwater 
design utilises concrete cast Hanbar armour units 
for protecting the core, and rock armour for 
protecting the toe. More detail on the overall 
breakwater design is presented in a complementary 
paper [1]. The breakwater orientation was chosen to 
mirror the natural orientation of the river mouth as it 
reaches the coast, and to avoid sharp changes in 
direction of the river where it impacts on the 

breakwaters and the increased scour effects that 
would result.  
 
The focus of this paper is the application of a fully 
nonlinear Boussinesq wave model to inform design 
wave height and water level around the breakwaters 
The project required an optimal design in the 
context of a 500-year return period wave height and 
sea level 1 m above the present day 1% annual 
exceedance probability storm tide level. Important 
considerations in the wave modelling scope were to: 
• Resolve wave transformation in the nearshore. 
• Resolve surf-zone processes and feedbacks 

such as wave setup and wave driven currents 
(rips and alongshore). 

• Realistically represent wave reflection off the 
breakwater structures and resulting wave 
convergence in the channel. 

 
2. Field setting 
Ōpōtiki township is in the Eastern Bay of Plenty on 
the North Island of New Zealand. The town is 
located at the confluence two rivers (the Orata and 
Waioeka) that converge 1.5 km from the coast 
before flowing out to sea. Coastal and fluvial 
processes interact at the river mouth to create a 
dynamic and ever-changing environment. A shifting 
nearshore delta exists at present, and a spit extends 
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from the eastern shoreline and directs the river to 
flow out on a northwest angle (Figure 1).  
The river training works will significantly modify the 
harbour entrance. The lower panel of Figure 1 
shows the layout of the breakwaters, mouth closure 
and dredge channel with associated changes to the 
elevation contours. Adjusted contours also include 
how the nearshore ebb tide bar is expected to 
smooth out following construction. 
 

 
Figure 1: Site overview showing the Ōpōtiki river mouth at 
present (pre-development) and with the design works to 
control the river entrance.   

2.1 Metocean conditions 
The coast at Ōpōtiki is north facing and is exposed 
to a combination of distant swell waves and 
regionally wind driven waves. Hindcast modelling by 
MetOcean [5] identified a 100-year return period 
wave height at the -20 m depth contour of 4.26 m, 
and a 500-year wave height of 6.2 m. The extreme 
wave climate is associated with wave periods of 10 
– 12 s [5]. Wave direction at the -20 m contour is 
variable within a window 20° degrees either side of 
north. MSL at Ōpōtiki is 0.14 m, with respect to 
MVD-53 (RL) and the spring tidal range is 1.7 m [6]. 
Mean high water spring (MHWS) is 0.94 m RL and 
the highest astronomical tide is 1.14 m RL. Storm 
surge, due to wind effects and low atmospheric 
pressure can raise water level above astronomic 
tide levels. When considering astronomical tides, 
medium term sea-level variability and storm surge, 
the present day 1% AEP water level at Ōpōtiki is 
1.63 m RL. 
 

3. Methods 
3.1 Outline of modelling approach 
Two numerical modelling approaches were utilised 
to understand wave processes at Ōpōtiki and 
physical modelling in the wave basin at WRL was 
used as to calibrate model and test a scaled version 
of the full design. This process is conceptualised in 
Figure 2 to show the iterative process between 
different numerical and physical models. 
 

 
 

Figure 2: Outline of the modelling process used to define 
design wave heights and water levels. 

The first step was to understand wave 
transformation from the -20 m depth contour to the 
harbour mouth using a third-generation spectral 
wave model, Simulating Waves in the Nearshore 
(SWAN). The SWAN model was primarily used to 
propagate the design wave height from the wave 
hindcast location through the nearshore, using 
different design water levels. This was important for 
understanding any water level controls on wave 
processes at the physical model boundary (-15.5 
m). 

 
Figure 3: Physical model of wave transformation at WRL 
with the channel and not breakwaters.  
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The next step was simulating wave transformation 
processes in a wave basin at Water Research 
Laboratory, University of New South Wales (WRL) 
to obtain data for calibrating the Boussinesq model. 
The physical modelling undertaken for model 
calibration was undertaken at a scale of 1:40.5 and 
included the Ōpōtiki bathymetry and channel, but 
not the breakwater structures (Figure 3). 
Breakwater structures were only included in the 
physical model when armour unit sizing was 
confirmed from the numerical model outputs.  
 
Physical model results of wave height around the 
nearshore and structures were used to calibrate the 
numerical model using different combinations of 
wave height at water level. This was used to identify 
suitable variables for bed friction, breakwater friction 
for reflection, and different approaches for 
representing wave breaking. Calibration simulations 
in the numerical model were undertaken using a 
like-for-like domain that included a battered slope 
with an artificially steep transition from -6m RL to  – 
15 m RL (due to space constraints in the wave 
basin) and no breakwaters (refer to Figure 5 for the 
wave basin bathymetry used in the numerical 
model). The incident wave signal from the physical 
model was also used as an input condition in the 
numerical model, where the offshore incident signal 
was filtered to remove reflection.  
 

 
Figure 4: Model domain used in the Funwave-GPU 
model. 
 
The physical model was constrained to single 
direction waves and an offshore depth of -15 m (at 

prototype scale). Therefore, once calibrated, the 
numerical model was expanded to extend further 
offshore and alongshore for representing different 
wave angles with directional spreading (using the 
2D JONSWAP boundary condition). This larger 
domain is presented in Figure 4 and was used to 
simulate design conditions. The final step was to 
include a scaled design of the model of the 
breakwaters in the physical model at WRL to test for 
damage and stability. 
 
3.2 Funwave-TVD  
Funwave-TVD is a fully nonlinear Boussinesq 
model that resolves the free-surface motion of 
individual waves, and how these waves interact with 
each other and the nearshore bathymetry [7]. TVD 
refers to the Total Variation Diminishing 
implementation that was developed to improve 
handling of wave breaking and shoreline interaction 
from the original Funwave model [3]. Surf-zone 
processes, such as wave-averaged rips and 
alongshore currents are resolved, in addition to 
mean water level changed due to wave setup and 
set-down. These processes have a dynamic and 
instant feedback on the motions and behaviour of 
individual waves. A shock-capturing method is 
implemented to represent wave breaking and 
ensure surf-zone and shoreline stability [7]. Wave 
breaking can be represented ‘natively’ using the 
default shock-capturing method or using a more 
traditional eddy viscosity method. Funwave-TVD is 
an industry standard wave model that has been 
comprehensively benchmarked by the developers 
and by the US Army Corps of Engineers, including 
application in beach and harbour environments. The 
model can be run in one horizontal dimension (1D 
profile), or in in two horizontal dimensions where 
velocity is depth averaged (2DH). The spatial 
resolution recommended by developers for 
resolving wind and swell frequency waves motions 
is a cell size of Δx and Δy = 2 m. Funwave-TVD is 
optimised for parallel computing with MPI (message 
passing interface) and 2D simulations for this 
project were initially undertaken using 16 CPU 
cores with equal computational split between x and 
y domain directions. Run times on this hardware are 
in in the order of 12 – 24 hours of clock time for a 
40-minute simulation on a domain with 5.8 million 
cells and a time-stepping CLF condition of 0.5. At 
the field scale of interest for this project, a lower CLF 
condition (0.2) was found to be more stable but 
resulted in run times exceeding 48 hours. This 
limitation was resolved by switching to the recently 
released and benchmarked GPU implementation of 
Funwave-TVD [8], which reduced run times to a 
manageable 14 hours on available hardware. Model 
behaviour and outputs were tested to be consistent 
between GPU and CPU implementation of 
Funwave-TVD. For this work, the initial calibration 
work was undertaken using the CPU 
implementation before switching to the GPU model, 
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where additional calibration and testing was 
undertaken. Full scale design scenarios were 
simulated using the GPU model with a 6GB NVIDIA 
GeForce GTX 1060.  
 
3.3 Data processing 
Funwave-TVD model outputs include timeseries of 
the surface signal measured at wave gauge 
locations across the domain, and grid output of 
wave height, mean water level, max water level and 
velocity. Wave gauge outputs were used to 
calculate Hs (significant wave height) and H10 (10% 
exceeded wave height) using the zero-
downcrossing method where a 0.04 Hz bandpass 
filter was used to separate infragravity waves and 
sea-swell frequency waves.  
 
3.4 Design conditions 
Three primary design scenarios were used for 
calculating armour size. Toe armour size was 
calculated for the LAT (lowest astronomical tide) 
and MSL condition, using significant wave height 
around the structure. The design scenario for 
primary armour unit sizing was modelled using the 
1% exceeded water level plus 1 m of sea level rise. 
Each combination of wave height and water level 
was simulated in Funwave-TVD using three 
directions (346°, 0° and 14°) that represent the 
window of extreme wave exposure. A 
representative wave period of 12 seconds, based 
on a joint probability of extreme conditions was used 
in all simulations [5].  
Table 1: Wave height and water level used in the three 
design scenarios  

Scenario Hs (m) WL (m) 
1) Toe armour:  LAT 5.50 -0.84 
2) Toe armour: MSL 5.65 0.00 
3) Primary armour 
size: 1% AEP + SLR 

6.20 2.63 

 
4. Results 
4.1 Model calibration 
4.1.1 Wave height 
An example of how the physical model was 
replicated in the numerical model is presented in 
Figure 5 to show the calibration domain and output 
wave gauge locations. Model behaviour was 
generally consistent across scenarios, with wave 
breaking initiating on the battered slope and a surf-
zone developing well seaward of the channel.  
 
Each wave condition was simulated using a range 
of friction and breaking parameters, where friction 
was varied by changing the friction coefficient (Cd) 
and breaking was varied by changing the breaking 
ratio. The Manning formulation was used in most 
Funwave simulations, and the Cd value is a model 
specific friction factor, not Manning’s n. The shock 
capturing handing of breaking is initiated when the 
ratio between the surface (η) and depth (h) exceeds 

a threshold, where the default is 0.8. The model was 
found to be consistent across breaking scenarios 
and moderately sensitive to increasing friction. The 
main observation in the model calibration process 
was that dissipation in the numerical model was 
more pronounced across the inner surf-zone 
compared to the physical model (Figure 6). This 
resulted in wave heights at inner domain locations 
being typically under-predicted in the numerical 
model. 
 

 
Figure 5: Example model calibration scenario for the 
Hanbar scenario showing the wave profile (colour), areas 
of breaking (grey shade) and outline of the wave maker 
and sponge layers. Wave gauge’s locations used for 
calibration are presented in red.  

 
Comparing the numerical model to the physical 
model for the higher sea level scenario, wave 
heights offshore of the channel were slightly over 
predicted, compared to wave heights at the inner 
surf-zone being slightly under predicted (Figure 6). 
This bias is likely a result of the Boussinesq model 
underestimating wave setup when compared to the 
physical model. The best representation of wave 
transformation for the higher sea level scenario was 
achieved using a breaking threshold of 0.8 and Cd = 
0.05, resulting in model skill of 0.87 (Brier Skill 
Score). 
 
The lower water level scenarios of LAT and MSL 
consistently underpredicted wave heights 
measured in the wave flume (Figure 6). This is also 
likely attributed to the Boussinesq model under 
predicting wave setup. The under-prediction was 
consistent across friction and breaking values, and 
a minimal friction value of Cd = 0.01 was for both 
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lower sea level scenarios. Notably, completely 
removing friction did not change the prediction or 
model behaviour at the lower sea level scenarios. 
Model behaviour was otherwise consistent with the 
physical model. Therefore, a calibration multiplier 
was used to adjust the numerical model output for 
LAT (1.48) and MSL (1.29) at inner surf-zone 
locations (Figure 6).   

 
Figure 6: Wave height from the numerical model 
compared to wave height from the physical model, 
showing the default outputs (blue) and calibrated outputs 
(grey).  

 
4.1.2 Reflection  
Wave reflection off the breakwater structures was 
an important consideration in using the numerical 
model. The aim was to represent realistic reflection 
of the concrete armour units to resolve wave 
convergence in the channel. To do this in Funwave, 
a spatially variable friction layer was used. This 
layer gradually increased friction from the 
breakwater toe until a select value was achieved on 
the sloping face of the breakwater. This is different 

to the specific ‘breakwater’ friction in Funwave-TVD 
that can be used to represent a semi permeable 
breakwater as a sponge layer without the 
bathymetry. In a set of additional experiments, a 1D 
across shore profile was used test different friction 
values, and a 3-probe array was used to calculate 
the reflection coefficient using the Mansard and 
Funk method [4], as conceptualised in Figure 7. A 
specific reflection coefficient (kr) was not available 
for Hanbar armour units, but a review of reflection 
from a range of concrete cast armour units by [2] 
was used to identify a target reflection coefficient of 
kr between 0.3 to 0.4. 
 
Gradually increasing the friction coefficient across 
the breakwater face resulted in an expected 
decrease in reflection. However, diminishing returns 
were achieved if friction is increased too much, and 
a minimum reflection coefficient of 0.35 was 
achieved using Cd > 5 with a Chézy formulation, and 
Cd > 0.55 for the Manning formulation.  
 

 
Figure 7: Schematic showing how reflection off the 
breakwaters can be controlled using a local friction layer 

 
4.2 Design scenarios 
The model calibration and testing phase provided 
confidence for using the model in larger scale 
simulations to represent design conditions. These 
design simulations were not constrained to the 
flume domain and extended seaward, and 
alongshore so different wave angles could be 
represented, along with directional spreading. The 
design simulations also included the breakwater 
structures in the bathymetry, with a friction layer on 
the breakwater face to dampen reflection. An 
example of the model that highlights wave 
behaviour around the nearshore and breakwater 
channel is provided in Figure 8 and example outputs 
of wave height and maximum water level are 
presented in Figure 9 for the future sea level 
scenario. These outputs show how wave reflection 
and convergence are resolved around the 
breakwaters and channel and highlight the wave 
dissipation patterns around the breakwaters. 
 
4.3 Design wave heights and reflection 
Selecting the design wave height used in armour 
unit size calculations was not a simple process of 
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outputting values from a single model run. Specific 
consideration was given to identifying the critical 
wave direction for each location around the 
breakwater and removing seaward directed 
reflection. Careful consideration of reflection was 
important because seaward directed waves that 
result in Hs being amplified were considered 
unnecessary for the design calculations. However, 
reflected waves within the breakwater channel were 
considered very important for including in the design 
wave height.  

 
Figure 8: Example snapshot of wave behaviour around 
the breakwaters from the full domain simulation.  

 

 
Figure 9: Significant wave height and maximum water 
level for the full model domain for the Hanbar design 
condition.  

Using the numerical model to visualise wave 
interaction with the structures indicates that a radial 
reflection occurs off both breakwater heads, which 
propagates seaward in an ark. Waves also reflect 
off the outside wall and the interference can result 

in Hs values that do not represent the incident wave 
height that was desired for optimising the design. 
 
A side wave also peels off the on both sides of the 
inside channel and reflects off the wall on an angle 
that converges with the next wave, forming a cross 
pattern (Figure 8). Reflection patterns within 
breakwater channel was considered important for 
including in the design calculations and were slightly 
different depending on wave direction.  
 
Locations in the model domain where reflection was 
to be included, such as the breakwater channel, 
could be assessed by calculating Hs and Hmax from 
the wave probe location in the numerical model. 
However, locations where the incident wave was 
desired were more complex. The three-probe array 
method only works on a shore normal transect and 
is not suited for the outside trunk or radial pattern of 
reflection. Further, a representative reflection 
coefficient was not considered appropriate for 
calculating incident wave height from the significant 
wave height. Directional spectra were also 
considered as an option for calculating wave 
heights associated with different frequencies and 
directions. This was tested using the velocity and 
surface signal at each wave probe location, then 
calculating the wave height from spectral moments 
for each partition. This method was promising, but 
also sensitive to long period waves and mean flow 
conditions. There was also a second step required 
to convert the spectral wave height to a shallow 
water H10 value for the calculating Hanbar design 
size.  
 
A more suitable method for identifying the incident 
wave height was achieved by repeating all model 
simulations using the same domain, but without the 
breakwaters (Figure 10). The channel and all other 
components of the bathymetry were consistent. A 
benefit of the 2D JONSWAP boundary in Funwave 
is that the resulting boundary condition is 
deterministic and was therefore identical for 
simulations when simulations were repeated with 
and without the breakwaters.  
 
The design wave height at each location was then 
selected based on the maximum height across the 
three directions, with careful selection of whether 
the incident or breakwater influenced wave height 
was used. As a first step, the lower wave height was 
selected when comparing the simulations with and 
without breakwaters. This effectively removed 
amplification due to seaward reflection, and 
accounts for wave shadowing in the channel and 
outside the western trunk (Figure 10). However, 
some wave gauge were located at a node where 
reflection reduced the wave height, in which case 
the incident wave was used. This process required 
each output location to be reviewed in detail to 
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compare the six different wave heights, before the 
most appropriate one was selected.  
 

 
Figure 10: Comparison of wave height with and without 
breakwaters for the higher sea level scenario with waves 
from 0 degrees. 

 
5. Summary  
Wave processes were carefully considered for 
designing armour size around the breakwater 
training walls. This nuanced approach was 
necessary for optimising transitions in armour size 
to provide the required stability, without 
overdesigning the structure.  
 
Wave heights generated using the numerical model 
Funwave-TVD were used to design a scale model 
of the breakwaters in the wave basin at WRL. 
Physical modelling of the same wave conditions 
were undertaken to test for damage and stability 
using scaled armour units. Physical modelling 
confirmed the design was stable for all water level 
scenarios.  

 
Funwave-TVD was found to be a reliable and 
efficient numerical model for simulating large 
domains and extracting detailed information for 
design purposes. This is especially true for the 
complex wave behaviour that was resolved in the 
breakwater channel. However, the under-prediction 
of setup and therefore inner surf-zone wave height 
is a limitation for using the model without site 
specific calibration data.  
 
A benefit of using an efficient numerical model was 
being able to repeat scenarios with and without 
breakwater structures. This approach proved to be 
the best available method for identifying locations in 
the domain where an incident Hs without influence 
of structure reflection could be used in design 
calculations.  
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Abstract 
Ongoing changing risk is the new normal for coastal lowlands facing a long-term future of irreversible sea-level 
rise – so stationarity is now an unreliable assumption. Therefore, the prevailing “predict-then-act” approach 
(e.g., choosing a best estimate or worst case), in tandem with an up-front single-investment perspective for 
delivering infrastructure for coastal areas, is no longer fit for purpose. The diverging and deepening uncertainty 
in the rate of sea-level rise for coastal lowlands and impacts such as more frequent coastal flooding, 
groundwater rise and coastal erosion, will increasingly put pressure on governance structures responsible for 
managing coastal infrastructure. This paper addresses the merits of an adaptive paradigm to meet the complex 
challenges for infrastructure that arise from both the gradual change (rising base sea level) and more frequent 
compounding coastal risks. Infrastructure design and implementation needs to shift to adaptive approaches 
that include stress-testing designs and pathways that can cope with multiple possible futures. Brief case 
examples are covered to illustrate the growing acceptance and use of adaptive approaches. The paper 
canvases some key principles and challenges to address when switching to an adaptive paradigm, and how it 
requires systems thinking using decision-analysis approaches. Some of the challenges of the adaptive 
paradigm include formalizing adaptive pathway approaches so they endure, monitoring/reviews relative to pre-
agreed triggers and adaptation thresholds and how to withdraw and progress managed retreat of infrastructure. 
Pre-conditions for adaptive infrastructure and associated governance structures requires both flexibility and 
agility to maintain services ahead of ongoing, uncertain, sea-level rise this century and beyond. 
 
Keywords: climate adaptation, adaptive design, coastal infrastructure, sea-level rise, adaptive pathways. 
 

1. Background 
Ongoing sea-level rise (SLR) presents complex 
challenges for coastal lowlands worldwide from 
compounding changes and escalating impacts that 
will continue for centuries [29]. The elevation of 
land around harbours, lowland rivers and wetlands 
now becomes a critical consideration for 
infrastructure and the communities and businesses 
it services. Climate-related risks will cascade 
across the various domains of society comprising 
social/cultural, governance, environmental, 
economic including the built environment.  
 
Following World War II, a sustained development 
boom through to the present, has resulted in high-
value, permanent coastal settlements, resorts, and 
canal estates. They mostly have full utility services 
and are accessed by highways and local roads that 
in sections hug the shoreline [3]. Meanwhile, 
coastal and harbour margins of our main coastal 
cities and towns, that were settled in 1800’s or 
reclaimed, when mean sea level was regarded as 
a fixed level (datum), have since been 
redeveloped, often through intensification, with 
associated infrastructure upgrades and ubiquitous 
seawalls. Coastal property values and associated 
assets and utility services have since escalated. 
The premise that mean sea level is constant 
(stationary) is no longer valid [3]. Around Aotearoa-
NZ (A-NZ), it has been rising since the start of the 
twentieth century, with a doubling of the rate of rise 
since 1960 [27]. Mean sea level, averaged across 
A-NZ, is now around 0.2 m higher than in 1900. 
This emergence of a higher base sea level along 

our coasts and harbours is only the start, as 
cumulative greenhouse gas emissions, even if 
limited to a 2°C rise, will have still committed the 
world to an average rise of at least a 1 m over the 
next few centuries [5]. How ongoing emissions 
evolve over coming decades will determine what 
accelerated rate of SLR eventuates over time and 
the ultimate height before the ocean level stabilises 
over centuries [30]. This poses a complex 
problem/solution space under deepening 
uncertainty over time when addressing the 
question of what, when, where and who adapts to 
ongoing climate risks [11.] 
 
This paper outlines the need re-frame our 
approach to infrastructure provision by moving to 
an adaptive (flexible) paradigm for planning, 
design, and implementation of coastal 
infrastructure. This would supersede the 
conventional “predict-then-act” approach, based 
on the premise of choosing the most likely scenario 
(or worst case), implemented through a single-
investment solution. National guidance on coastal 
hazard and climate change for local government in 
A-NZ [26, 18] now embeds dynamic adaptive 
pathways planning (DAPP) into development of 
adaptation strategies and plans, including for 
infrastructure. However, implementation of 
adaptive approaches to address the medium- to 
long-term viability of infrastructure in coastal 
lowlands in A-NZ has been hesitant. I explain the 
rationale for why adaptive approaches, which keep 
options open for a range of possible futures, are 
more suited to assimilating the deepening 
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uncertainty, so decisions are not stalled. Further, 
approach better enables deliberative processes 
(rather than the more practitioner-driven “predict-
then-act” approach). Adaptive planning and design 
for coastal infrastructure is no longer novel, as 
illustrated by some examples from A-NZ and 
globally, drawing on recent literature. The paper 
concludes with some principles and how systems 
thinking can deal with interdependencies and the 
cascading challenges of uncertain rates of rise in 
sea level. 
 
2. The problem/solution space 
Ongoing changing risk is the new normal for 
coastal lowlands facing a long-term future of 
irreversible sea-level rise for centuries [30] – so 
stationarity of physical-hazard processes is now an 
unhelpful and detrimental assumption (including 
reliance on short-term past records to estimate 
future extremes). Instead, we face multiple 
possible futures from differing scenarios for rising 
seas and associated compound flooding (e.g., 
rivers, groundwater rise, rainfall) plus impacts from 
changes in storminess, storm surge, waves, and 
sediment budgets. Location (relative to the 
shoreline) and particularly land elevation will be 
critical considerations for assessing impacts on 
infrastructure in coastal lowlands from a range of 
future scenarios. Impacts could also extend several 
kilometres inland in some areas, especially from 
the downstream influence of SLR on groundwater 
levels, drainage schemes and stopbank (dike) 
effectiveness and subsiding vertical land 
movement [23, 31].  
 
Investment decisions about capital-intensive, long-
lived coastal infrastructure are challenging due to: 
a) the uncertainty about their future performance 
and viability; and b) potential for lock-ins to 
maintaining the form of service; and, c) reduced 
options for future choices (particularly if sensitive to 
climate change and associated de-carbonization 
policies) [10]. Similarly, existing coastal and port 
infrastructure and associated coastal defences, 
may be adapted too early or too late, without 
evaluating the cost of delay or robustly exploring 
when adaptation investment is prudent [19, 35] or 
a continuing focus on short-term capital investment 
criteria. 
 
Deep uncertainties are inherent in SLR projections 
as the climate-ocean system continues to respond 
to warming, right through to uncertainties on how, 
where, and when to implement adaptation [29]. 
Such uncertainties are either poorly or incapable of 
being characterized and also arise from 
contestation between experts and/or stakeholders 
on the magnitude and timing of future impacts and 
what is the appropriate adaptation response [26, 
29, 38]. The research literature consistently 
concludes that it is not possible to define a future 
SLR with a single long-tailed probability 

distribution. Even for a specific global emission 
scenario over time, it is not yet possible to capture 
all the uncertainties in SLR, especially the ice-
sheet response to warming tipping points and local 
vertical land movement in relation to coastal 
lowlands [2, 23, 29]. Therefore, decision making in 
the context of deep uncertainty requires a switch in 
paradigm that is not grounded on an “expert” 
prediction of the most-likely future (i.e., “predict-
then-act” paradigm) and building a single solution 
accommodates that prediction. Rather, a paradigm 
that aims to prepare alternative pathways or 
sequenced upgrades and adapt to both 
uncertainties of extreme events and gradual 
change (e.g., high-tide and groundwater 
inundation) when needed, by monitoring change 
and implementing timely adaptation as the rate of 
change approaches a pre-agreed threshold [25]. 
Consequently, the prevailing “predict-then-act” 
approach in tandem with the conventional up-front 
single-investment perspective, under the guise of 
“futureproofing”, is no longer fit for purpose for 
managing infrastructure in coastal areas facing 
ongoing SLR [3, 11, 20]. The insatiable desire for 
answers in reductionist or optimisation approaches 
(e.g., using the most likely estimate or a plausible 
worst case or adding an additional factor of safety 
to cover uncertainties), provides a systemic 
“illusion of concreteness” that continues to pervade 
many modern institutions [38]. This includes 
practice areas associated with infrastructure 
design and asset maintenance. Further, if the rate 
of change outstrips the cycle time and inertia for 
infrastructure planning and renewal strategies, 
then it decouples from the socio-environment-
economic system it serves [4]. The quickening and 
deepening uncertainty in the rate of change driven 
by SLR will increase pressure on the strategic 
planning, governance, funding and implementation 
phases for maintenance or new coastal 
infrastructure. 
 
Scenarios-focused decision analysis has emerged 
over the past decade to address these conundrums 
of multiple possible futures and the inherent deep 
uncertainty [13, 25, 38]. Approaches such as 
Robust Decision Making (RDM) and Dynamic 
Adaptive Pathways Planning (DAPP), which 
explicitly embrace scenarios and deep uncertainty, 
have moved the paradigm from: a) distilling the 
best prediction (by seeking optimal outcomes or 
prediction-based simulations under best 
assumptions); to, b) making the best decision that 
is robust and/or flexible under a range of 
conditions. In other words, the objective moves 
from figuring out your best-guess future to design 
a flexible (adaptive) plan, pathways or policy that is 
generally robust, regardless of climate-related 
change over the planning timeframe? [25, 38]. 
Besides building in future flexibility, scenario-
focused decision analysis also facilitates up-front 
and ongoing deliberative processes with 
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stakeholders, businesses, iwi/hapū and 
communities. From collaborative agreement on 
local adaptation thresholds, which define 
unacceptable or intolerable conditions or 
performance across the inter-connected system, 
sets of alternative pathways or portfolios can be 
developed, incorporating sufficient lead time to 
implement the next actions or option before the 
onset of the threshold [16, 18, 21, 26]. As such, an 
adaptive approach is scenario neutral, focusing on 
adaptation thresholds. However, the scenarios 
considered together, provide both a bracketed 
window on when such thresholds may eventuate, 
and facilitate stress testing the range of “shelf lives” 
of proposed adaptation options or strategies [26]. 
Some options may only be efficient or effective 
under lower scenarios but may have negative net 
benefits under higher, faster, scenarios, whereas 
low-regret options or pre-planned sequences 
(some examples in Section 4) could cover most 
scenarios [37].  
 
So far, most adaptation responses for coastal 
infrastructure have been reactive bespoke 
upgrades developed in the aftermath of a 
damaging or disruptive event. However, there is an 
increasing recognition of the need for more 
strategic pre-emptive approaches that map out pre-
planned pathways or robust designs [6, 21]. 
Indeed, the NZ Coastal Policy Statement 2010 [7; 
Policy 27], requires a strategic planned approach 
to adapting existing development in the coastal 
environment, which needs to include consideration 
of managed retreat of vulnerable communities and 
infrastructure [16, 21].  
 
Due to the complex problem/solution space, 
system thinking and analysis are needed to 
thoroughly assess and address all the cascading 
impacts, linkages and interdependencies – not just 
at the localised scale exposed directly to the 
impacts of SLR. Indeed, a systems approach is 
embedded in the recent international standard ISO 
14090: Adaptation to Climate Change [14]. Figure 
1 depicts an example of an inter-related system in 
relation to a local coastal suburb. In many respects, 
the heuristic that “adaptation occurs at the local 
scale” is a misnomer, as linkages, policies and 
investment decisions need to be considered across 
different scales in a wider system [28]. 
 
The adaptive paradigm comes with two key 
caveats: a) monitoring indicators of the changing 
conditions against pre-agreed early signals of 
reducing performance, and the onset of a trigger 
(implementation decision point) to avert the 
adaptation threshold; b) governance mechanisms 
which encourage and enable adaptive approaches 
for planning/design and implementation, covering 
both policy and practice. The latter includes 
engineering and development standards, guidance 
manuals or institutional policies, which to date 

remain largely prescriptive (“predict-then-act”), 
rather than enabling more flexible and agile 
alternatives as and when needed. Economic 
evaluation of adaptation options and adaptive 
pathways is a crucial element of adaptive decision 
making [MfE, 2017]. These evaluative methods are 
not covered in this paper (due to this extensive 
topic), but several multi-methods or hybrid 
approaches are now being used for evaluating 
costs and benefits of adaptive strategies across 
differing future scenarios [e.g., 10, 19, 21, 37]. 
 

 
Figure 1   System mapping schematic for a vulnerable 
coastal suburb requiring local adaptation. Example only 
– after Figure A.1 in ISO (2019) [14]. 

 
3. Decision-making under deep uncertainty 
Decisions with consequences that last well into the 
future, such as infrastructure, require a high 
decision-making capability using decision-analysis 
tools that are robust and flexible [14]. This is due to 
the deepening uncertainty that needs to be 
addressed in both short- and long-term decisions 
arising from ongoing climate change. A key 
determinant is understanding and defining 
adaptation thresholds that will cause the system 
(including its supporting infrastructure networks) to 
suffer an intolerable shift in performance, thereby 
requiring an adaptive response with sufficient lead 
time [14].  
 
Decision making for the future depends on 
anticipating change [25]. However, such 
anticipation is now more difficult to resolve and 
agree on with deepening uncertainty of SLR and its 
rate of rise towards the latter part of this century 
and beyond. This creates uneasiness when 
matching short-term or present-day decisions to 
long-term objectives along with preparation to cope 
with more extreme events [25]. Rather than 
precisely define a long-term adaptation option (i.e., 
“predict-then-act”), adaptive decision-making 
approaches outline a range of adaptation options 
or pathways to keep open over a range of future 
time horizons, especially in coastal and estuarine 
areas where sea level will continue rising [29]. 
Essentially, these approaches follow the iterative 
cycle in Figure 2 around the three elements of 
framing the problem/solution, exploring and testing 
alternatives against possible futures and then 
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choosing and communicating both the initial and 
contingent policy or pathway choices [25]. Part of 
testing the alternatives includes appraising the 
uncertainties from changes in technology, risk or 
values preferences, funding models, modal shifts 
(e.g., transport network) and future limitations of 
physical resources (e.g., sand, rock). 

 
Figure 2   Elements and steps of decision-making 
under deep uncertainty approaches. Reproduced 
under Creative Commons Attribution 4.0 
International License [25; Fig. 1.4]. 
 
3.1 Decision-analysis approaches  
Two decision-analysis approaches that have been 
tested in making decisions under deepening 
uncertainty that are pertinent to long-lived 
infrastructure are:  
• Dynamic adaptive pathways planning (DAPP): 

embraces deepening uncertainty by focusing on 
decision making over time that is scenario 
neutral (i.e., does not rely on a choice of a 
design scenario). The essence is proactive and 
dynamic planning of alternate pathways of 
investment decisions that achieve agreed 
objectives over long planning timeframes, 
responding to how the future unfolds (both 
climate and other socio-economic-
environmental drivers) [9, 33]. Consequently, 
DAPP relies on monitoring indicators of change 
against early signals and triggers (decision 
points). By allowing for sufficient 
implementation lead time in defining the trigger, 
a timely switch to the next option or pathway can 
avoid the pre-agreed adaptation threshold for 
the system where objectives or levels of service 
are no longer being met [9, 14; Annex B, 18, 20, 
26].  

• Robust decision making (RDM) was originally 
developed at RAND Corporation – developed to 
help make more effective decisions on near-
term options which could have uncertain long-
term consequences. It is exploratory rather than 
reductionist, helping to identify alternatives or 
options that are robust and can perform under a 
wide range of future conditions rather than what 

is optimally efficient. RDM is not about making 
better predictions but yielding better decisions 
under poorly characterized uncertainties [22, 
38]. Rather than using computer models and 
data as predictive tools, the approach runs 
models a myriad of times to stress test 
proposed decisions against a wide range of 
plausible futures. Analysts then use 
visualization and statistical analysis of the 
resulting large database of simulations to help 
decision-makers identify the key features that 
distinguish those futures in which their plans, 
investment strategies or designs meet or miss 
their objectives [22]. For infrastructure, RDM is 
well suited to inform when to make large 
investments on adapting long-lived and high-
cost infrastructure [e.g., 35] 

 
Another risk-based approach, Expected Utility 
Maximization, seeks to identify the adaptation 
alternative that has the best expected outcome 
(optimization) [25; 38]. However, it is suited to 
address stochastic uncertainty rather than deep or 
scenario uncertainty, as what is optimal under 
multiple possible futures is unresolvable up front. 
 
4. Brief case examples of adaptive coastal 

planning and design 
Physical adaptation is issue- and location-specific, 
but any potential solutions must be evaluated and 
addressed through a wider systems analysis, 
particularly for infrastructure networks, as shown 
schematically in Fig 1 [14, 28]. Physical adaptation 
can be summarized into four types of actions: 
accommodate, protect, retreat, and utilize co-
beneficial opportunities [1, 2, 26]. Accommodate, 
or living with water, could include options such as 
elevating structures or ground levels, improving 
flood control/structure design, floating structures, 
or enhancing the buffering capacity of nature-
based shorelines. Protection (and shoreline 
advance) or keeping the water out, includes using 
grey or softer green options (e.g., re-nourishment) 
to protect infrastructure and/or communities from 
flooding or erosion. Pre-emptive managed retreat 
involves lengthy pre-planning to move away from 
coastal areas of increasing exposure [16, 21]. 
Finally, some types of adaptation, especially 
managed retreat or shoreline realignment, also 
provide opportunities [2, 16], such as re-purposing 
land use (creating wetlands or stormwater/flood 
storage) or redress of increasing coastal squeeze 
in front of road, rail or flood infrastructure [36], 
which can be exploited to provide environmental, 
cultural and social benefits or remediation of 
ongoing historical effects. While the adaptive 
paradigm, with its attendant decision-analysis and 
design approaches, is yet to be firmly embedded 
as best practice for adaptation of infrastructure 
networks globally as well as in A-NZ, there are now 
several case studies where it has been applied.  
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4.1 DAPP examples 
DAPP for a system or infrastructure network is 
typically visualized in a pathway map analogous to 
a decision tree or a “metro map” showing different 
routes to achieve a destination, including switches 
to an alternative option before an adaptation 
threshold is reached (analogous to “end-of-line 
stations”) [9, 26]. The preference for certain 
pathways over others will depend on the trade-offs 
between their costs (including cost of delay), side-
effects and benefits. These are then used to 
develop an adaptive plan that covers short-term 
investment decisions, long-term options, and 
adaptation signals and triggers to identify when to 
implement actions or revisit decisions and consider 
alternate pathways. The DAPP approach has been 
applied in practice to develop climate-resilient 
pathways in the following brief examples: 
• Thames Estuary (London): developing 

pathways of short-term actions and long-term 
options and investment evaluation for 
upgrading or moving the barrage to reduce the 
rising risk of coastal flooding [12, 33]. 

• Mekong Delta in Vietnam looking at a range of 
options in alternative pathways such as raising 
floor levels, dikes, and flap gates for alleviating 
flooding from SLR and subsidence [32]. 

• Flood management pathways in the Lower Hutt 
River (A-NZ), including managed retreat 
(property purchase) to provide more room for 
the river [17]. 

• Adaptive design in the form of options for 
sequencing coastal infrastructure were applied 
to the raising and widening of the Waterview 
Causeway on Auckland’s NW Motorway (Fig. 3) 
after past coastal flooding events.  

Discrete sequences to successively 
accommodate four ascending SLR values from 
0.5 m, as needed over time, were developed by 
the author during the design, with sufficient 
ground treatment and footprint to cover the final 
sequence. Due to the economics of re-
mobilisation and particularly the traffic 
management costs for staging construction, the 
first two sequences were combined for the as-

built crest elevation to accommodate 0.8 m 
SLR, with future sequential options able to 
cover 1.5 m SLR. 

• Pathways used to assess and evaluate costs for 
adaptation options for London’s water 
resources under climate change [15]. 

• Pilot study using DAPP to explore its utility for 
adaptation of a 2-waters network (stormwater 
and wastewater) in Petone and Alicetown 
(Lower Hutt, A-NZ), working from an adaptation 
threshold for the existing network of 0.3 m SLR. 
DAPP was extended to develop portfolios of 
interconnected options and actions and 
explored the sequences needed for eventual 
managed retreat and re-purposing land use 
e.g., for storm water storage [16, 21]. 

 
4.2 RDM examples  
RDM is tailored to informing decision-making on 
what are robust management and adaptation 
options or policies under a range of future 
conditions. RDM was initially applied to 
ascertaining robust water supply management 
strategies in river basins under a changing climate 
in the USA [e.g., 8]. More recently, it has been 
applied to existing long-lived infrastructure, where 
large investments into adaptation will be required, 
but in a timely manner that still meets objectives, 
rather than an up-front “predict-then-act” approach. 
One example where RDM was applied to major 
coastal infrastructure is in Los Angeles [35]: 
• The Port of Los Angeles has 20 container 

terminals, so decisions and their costs on 
adapting to rising sea level and when, are very 
sensitive to future uncertainty. RDM methods 
were used to address investment decisions at 
the Port of whether to harden (adapt) its 
facilities against extreme sea flood scenarios at 
the next major upgrade, considering cost-
benefits test, and whether SLR projections 
suggest such conditions are sufficiently likely to 
justify such an investment [35].  
This was done through simulations on 500 
plausible future cases to test the decision. The 
RDM approach identified plausible scenarios 
where policy fails to meet its goals, balancing 
investing too early versus get caught by serious 
flooding in the interim [35]. 

 
5. Principles, challenges and conclusions 
Some principles that undergird the shift, from a 
“predict-then-act” paradigm with a fixation on a 
one-off investment, to an adaptive paradigm for 
managing the adaptation of coastal infrastructure:  
• Shifts the focus from making the “best-possible” 

prediction of the future state to making robust or 
flexible decisions comprising alternative 
pathways and associated investments covering 
a range of conditions from ongoing SLR: 

• Requires a shift to more agile governance that 
embraces adaptive management and ongoing 
adaptation of coastal infrastructure rather than 
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implementing one-off long-lived projects to fix 
the problem; 

• Better enables collaborative engagement and 
co-production of adaptation pathways [18, 26]; 

• Addresses the question: Under what conditions 
does the plan, design or option no longer meet 
objectives or level of service? (i.e., scenario-
neutral rather than a focus on when or a 
timeframe); 

• Favours short-term actions that do not create 
path and community dependency or close off 
future long-term options (e.g., community 
relocation); 

• Timely investments in options and/or 
sequencing for adapting high-value long-lived 
infrastructure must be effective under a wide 
range of possible coastal futures; 

• Requires a commitment to monitor and review 
changing conditions, emerging knowledge and 
performance of infrastructure to inform switches 
to the next option or upgrade; 

• Needs a re-think of design and development 
standards, guidance manuals and policies, from 
a prescriptive stance (with uncertainty covered 
by safety factors) to embrace adaptive design 
and ongoing responses that are stress-tested 
for effectiveness over a range of scenarios [21]. 

 
Delivering resilient infrastructure will be 
challenging. It is more than simply reducing the 
chance of future damage through stronger 
structures, and adaptive management much more 
than simply “wait and see”. Both are purposeful 
approaches to design that are inherently risk-based 
to explicitly manage uncertainty [34]. Not only does 
adaptation of infrastructure have to build in more 
flexibility (pathways or sequencing), but the 
implementation and governance (including 
investment policies) of adaptive management 
require agile systems [4]. Further, for coastal 
lowlands, ongoing irreversible SLR, means some 
form of managed retreat will be inevitable in many 
regions of A-NZ, apart from localized high-density 
CBD areas. This presents a raft of challenges to 
councils, infrastructure providers and central 
government around jointly planning for and 
enabling pre-emptive managed retreat [16, 21]. 
This includes decisions on winding down and 
stopping utility services or road access under 
mounting maintenance costs and frequent 
disruption [24], engaging with affected 
communities and stakeholders. Above all, planning 
and design of “local” adaptation of any coastal 
infrastructure or utility service needs to take a 
system viewpoint. This includes climate-related 
changes other socio-economic, environmental and 
de-carbonization trends, working collaboratively 
with communities and businesses to determine a 
set of adaptive pathways and pre-agreed triggers 
(decision points) to avert adaptation thresholds [14, 
26]. Successful and cost-effective infrastructure 
provision in coastal lowlands over the 21st century 

and beyond, will need to be adaptive (flexible) and 
agile, responding to monitoring the ongoing 
change locally within a backdrop of continuing 
deep uncertainty [4]. The challenge is how do we 
enable and realize that? The reform process 
underway on A-NZ’s resource management 
system, including statutes for spatial planning, and 
adaptation to climate change (including enabling 
managed retreat), provides an opportunity for a 
national conversation and a reset that enables 
adaptive provisioning of infrastructure in our 
coastal lowlands, as seas continue to rise. 
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Abstract 
An under-keel clearance (UKC) rule of some form exists at all draft limited ports with a direct impact on 
throughput and dredging. Dynamic UKC (DUKC®) systems [1] are now used by many ports in Australasia as 
a tool to manage UKC more efficiently and reduce grounding risk. However, some ports still use a static UKC 
rule such as “10% of draft” based on a declared channel depth. This static UKC allowance must include all 
safety factors and components of the anticipated vertical keel position of vessels transiting the port. For some 
ports, a simple rule is adequate, has been put in place entirely rationally, and may have served the port well 
for many years. Often though, static UKC rules are overly conservative and occasionally unsafe. Further they 
can be applied incorrectly, or the origins are not known or understood by those who rely on them. 
 
This paper describes a methodology developed using state-of-the-art DUKC® modelling to design a rational 
static UKC rule for a port with implications for navigation, scheduling, accessibility, and dredging clearly 
defined. The method uses measured environmental data to calculate required depths for many simulated 
transits. By comparing the DUKC® required depth with the proposed static UKC calculation, a distribution of 
required UKC allowance throughout the port is extracted. This allows assessment of the UKC allowance 
required for any given percentage of transits to be performed within best-practice DUKC® safety allowances 
for real environmental conditions. 
 
The methodology has been previously applied as part of the Port of Lyttelton’s recent capital dredging program, 
however this paper illustrates application of the methodology at South Port NZ where it was used to validate 
the Port’s existing static UKC rule, which was long-standing, but not well understood by all parties. The 
methodology highlighted details of the application of the rule which were critical to safe operations, and clarified 
the applicability of the Port’s traditional UKC rule to the proposed capital dredging and deeper vessels. 
 
Keywords: under-keel clearance, navigation, dredging, channel design, port planning. 
 
1. Introduction 
At all draft limited ports under-keel clearance (UKC) 
is a key factor in their design and operations. The 
UKC affects the draft and load capacity of each 
individual vessel, the navigation and passage 
planning of any transit, and overall port throughput. 
The UKC management is a key variable in channel 
design and any dredging the port may undertake. 

 
Figure 1   Map of Bluff operated by South Port NZ, 
showing the different reaches of the channel. Reach 3 
and the Inner Harbour are UKC controlling. 

 

South Port, who operate in Bluff NZ, were looking to 
increase the maximum departure draft of vessels 
from the port on a “standard” tide, from 9.7m to 
10.45m. A preliminary plan had been prepared by 
the port to dredge the channel to the depth required 
by their existing operating procedures and static 
UKC rule to accommodate the increase in draft. The 
existing static UKC allowance was 1.2m in Reach 3 
and 10% of draft in the Inner Harbour [3], both 
calculated using the daily predicted astronomical 
high-water levels. This UKC rule was well 
established at the port and had served safely for 
many years, but its origins were not well 
understood. 
 
South Port NZ approached OMC International to 
investigate the suitability of the UKC rule and to 
answer two key questions: 
 
• Is there a rational basis for the UKC rule? 
• Could the UKC rule be safely modified to reduce 

dredging volumes? 
 
This is a familiar scenario to many ports, albeit with 
different physical challenges and operating criteria. 
This study refined and applied a rational method to 
evaluate and design a static UKC allowance for the 
port using a best-practice dynamic UKC analysis.  
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Figure 2   Channel depth factors, showing all factors relating to channel design and a UKC calculation (Source: [2]). 

2. Under-keel Clearance Methods 
Under-keel clearance is the vertical distance 
between the keel of a vessel and the seabed. A 
UKC rule at any port is the method the port uses to 
ensure this vertical distance remains great enough 
to maintain safety through the whole channel for any 
transit. 
 
For the design of vertical channel dimensions, 
guidelines are given by PIANC in the 2014 Harbour 
Approach Channels Design Guidelines [2]. These 
outline how the vertical design of the channel and a 
UKC rule is influenced by three groups of factors: 
water level, ship-related, and bottom-related 
factors. 
 
When designing a channel there will always be a 
trade-off between minimising dredging and 
maximising the draft of vessels using the channel. 
There will also be a planned percentage of time and 
conditions where transits can safely occur in the 
channel without restrictions. In other words, for 
operations to continue X% of the time, channel 
design and usage must allow for the X% worst 
combination of all vertical factors. The variation of 
conditions on all fronts, is usually encompassed by 
the UKC rule at the port. 
 
For operational decision making the port must apply 
some kind of UKC “rule” to decide whether each 
individual transit can occur given the conditions 
expected at the time. In general, they can choose to 
use an all-encompassing “static” UKC rule or use a 
dynamic UKC system to make a specific prediction 
for each individual transit. 

 
A static UKC rule is a vertical factor which allows for 
all vertical variables and consistently applies to all 
transits. It must allow (conservatively) for all 
conditions that could occur up to the port’s appetite 
for risk. For example, if a static UKC allowance was 
designed for 95% operability, then every transit will 
occur in that port allowing for a 95% percentile worst 
combination of tidal residual, wave, current etc. By 
definition, this allowance would be overly 
conservative 95% of the time, and non-conservative 
5% of the time. 
 
In contrast, a port using a DUKC® system will 
perform passage plans using the specific vessel 
characteristics, planned route and speeds, and 
measured or forecast conditions at the time of 
sailing. All vertical factors will be predicted, together 
with a net UKC allowance for safety and 
manoeuvrability for that vessel on the day. When 
conditions are unfavourable the allowable drafts will 
decrease as the dynamic UKC allowance increases. 
When conditions are benign the opposite is true, 
and drafts will increase while the same risk profile is 
maintained. 
 
For this paper, dynamic DUKC® modelling is used 
to design or check a suitable static UKC allowance. 
 
3. Design Methodology 
3.1 Set up a Dynamic Model and Run 

Simulations 
A DUKC® model of the port is set up. This includes 
high resolution bathymetry, channels and routes, 
navigational speed profiles and planned 
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manoeuvres and a list of design vessels for the 
planned port operations. An environmental model is 
also defined with spatial models for all significant 
metocean conditions at the port including tides, 
water currents, winds, waves, and long period 
waves. 
 
With the DUKC® model configured, a history of 
measured or hindcast environmental data at key 
reference locations is sourced for performing the 
simulations. This period should span at least a year 
to capture any seasonality, and ideally would be 
more. Through this study period, design vessels are 
simulated through the DUKC® model for inbound 
and outbound transits for all tide cycles. This 
generates a database of DUKC® transits, 
simulating real conditions at the port, for all times 
when vessel could possibly undertake transits. This 
database of transits provides a statistical 
distribution of the UKC required for bottom 
clearance and manoeuvrability calculated by the 
DUKC® for all sections of the channel, over a wide 
range of real conditions at the port and forms the 
basis for the statistical analysis to design the 
required static UKC allowance. 
 
3.2 Define a Static UKC Rule 
A static UKC rule can be written as 
 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑀𝑀𝑇𝑇𝑀𝑀𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 𝐶𝐶ℎ𝑎𝑎𝑀𝑀𝑀𝑀𝑇𝑇𝑎𝑎 𝐷𝐷𝑇𝑇𝐷𝐷𝐷𝐷ℎ − 𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝐷𝐷 ≥
𝑈𝑈𝑈𝑈𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (1) 

 
Where the 𝑈𝑈𝑈𝑈𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the Required Static UKC 
Safety Allowance. For any port extra variables 
could be included in the left hand side of this 
equation, such as an applicable squat calculation or 
a wave response lookup table, effectively taking 
them out of the single catch-all UKC Allowance and 
making the UKC rule somewhat “dynamic”. In this 
case any extra variables would need to be included 
in Equation 2 below. 
 
3.3 Calculate Required UKC Allowance 
The method uses the DUKC® results as a measure 
of best-practice UKC management. The UKC 
allowance required by DUKC® was calculated for 
each transit and position along the channel (𝐷𝐷 and 𝑇𝑇 
respectively) by 
 

𝑅𝑅𝑇𝑇𝑅𝑅𝑀𝑀𝑇𝑇𝐷𝐷𝑇𝑇𝑇𝑇 𝑈𝑈𝑈𝑈𝐶𝐶 𝑆𝑆𝑎𝑎𝐷𝐷𝑇𝑇𝐷𝐷𝑆𝑆 𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝑀𝑀𝐴𝐴𝑇𝑇𝑠𝑠,𝑠𝑠 =
𝐷𝐷𝑈𝑈𝑈𝑈𝐶𝐶 𝑅𝑅𝑇𝑇𝑅𝑅𝑀𝑀𝑇𝑇𝐷𝐷𝑇𝑇𝑇𝑇 𝐷𝐷𝑇𝑇𝐷𝐷𝐷𝐷ℎ𝑠𝑠,𝑠𝑠 − (𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝐷𝐷 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇)

 (2) 
 
By repeating this process for all the transits and 
channel nodes, a distribution of the UKC Allowance 
required by DUKC® can be calculated for all 
positions along the channel, accounting for all the 
environmental, vessel, and transit conditions 
included in the DUKC transit database. An example 
distribution for a single location is shown in Figure 
2. 

 
Figure 3   An example distribution of Required Static UKC 
Safety Allowance for all departure transits of a 280x40m 
container design vessel in a range of conditions at a 
single point in a channel. In this example a static UKC 
safety allowance of 1.3m is required to enable almost all 
transits to safely occur. 

3.4 Assess and Select an Appropriate Static 
UKC Allowance 

The resulting distribution of static UKC safety 
allowance required for each point along the channel 
can be extracted and the upper percentiles plotted 
for each vessel class. This allows assessment of the 
UKC allowance required to allow any given 
percentage of transits to be performed within best-
practice DUKC® safety allowances at each location 
along the channel. 
 
This process is performed for each vessel class to 
determine if different rules are applicable for 
different vessels, before consolidating into an 
understanding across all vessel classes and transit 
directions for the port. 
 
4. Application at South Port NZ 
4.1 Area Description 
South Port runs a container trade as well as export 
of logs; there is also import of alumina and export of 
aluminium from the Tiwai Point smelter. Inbound 
vessels approach from the south into Reach 1 and 
2 before turning into Reach 3 and entering the inner 
harbour (Figure 1). Reach 3 is typically the 
controlling location for UKC and manoeuvrability. It 
is the shallowest stretch of channel with a rock 
bottom, and experiences high tidal currents through 
the constriction. 
 
At South Port the existing UKC rules stated that, “A 
safe draft is one whereat a given vessel will maintain 
an under keel clearance (UKC) of at least 1.2m in 
No.3 Reach and 10% of its draft in the Inner 
Harbour.” [3] This is calculated using the predicted 
astronomical HW. Additionally, in the port 
procedures there was a table of maximum drafts for 
a range of tide heights from 0 to 3.0 metres. For 
tides less than 1.5m, during the low water slack, the 
static UKC allowance applied in this table was 1.5m. 
During the highest high tides, from 2.5-3.0m the 
UKC allowance also increased from 1.2 to 1.5m, 
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thereby limiting the maximum allowed drafts 
somewhat. The reason for this difference was not 
clear, and so became part of the purpose of this 
study: to answer the question, is there a rational 
basis for the existing UKC rule? 
 
Sailing windows at South Port are controlled by 
current speeds in Reach 3. These current limits 
were determined by the port and pilots during bridge 
simulation exercises in 2017 [3]. Arrivals target HW 
slack at Reach 3 while departures target the last of 
the flooding tide with current speeds no more than 
1 knot. 
 
4.2 Model Setup and Simulations 
A DUKC® model of the port was set up for the inner 
harbour and approach channel. The DUKC® 
environmental model was set up with port and 
environmental data and was configured using the 
results of a separate hydrodynamic modelling study 
completed by others in parallel with this project. 
 
The DUKC® model for South Port included: 
 
• High resolution bathymetry data 
• Channel definitions, berths, and manoeuvring 

areas 
• Measured tide and tidal residual differences 

from astronomical predictions 
• Spatial tide variations through the port and 

channel 
• Long period waves (LPW) 
• Squat, per vessel class, using standard DUKC® 

formulations 
• Inertial heel 
 
Wave response was not modelled for the region of 
the channel being investigated as it is sheltered 
from swell. 
 
The DUKC® performs two UKC checks in line with 
PIANC recommendations [2]. These consist of  
bottom clearance (BC) and manoeuvrability margin 
(MM) checks. BC checks for touching the bottom 
due to all vessel motions. MM checks for loss of 

manoeuvrability due to insufficient water flow 
around the keel. For South Port standard DUKC® 
dynamic BC and MM UKC limits were applied.  
 
Simulated transits were configured for the fleet of 
design vessels to operate inbound and outbound 
from the port. This included typical speeds through 
water and manoeuvre times determined in 
consultation with South Port Pilots. Every 
vessel/transit combination was simulated to transit 
on every tide cycle during the simulation period. In 
line with procedures at South Port [3] arrivals 
targeted HW slack in Reach 3 and departures 
targeted the last of the flooding tide, about 30 
minutes before HW slack. 704 transits were 
modelled per vessel/transit combination using 
environmental conditions observed between June 
2019 and June 2020. 
 
4.3 Results 
The UKC rule at South Port is calculated using the 
astronomical high-water prediction. Therefore, 
using the DUKC® simulated transits, the required 
static UKC safety allowance was calculated as 
 

𝑅𝑅𝑇𝑇𝑅𝑅𝑀𝑀𝑇𝑇𝐷𝐷𝑇𝑇𝑇𝑇 𝑈𝑈𝑈𝑈𝐶𝐶 𝑆𝑆𝑎𝑎𝐷𝐷𝑇𝑇𝐷𝐷𝑆𝑆 𝐴𝐴𝑎𝑎𝑎𝑎𝐴𝐴𝐴𝐴𝑎𝑎𝑀𝑀𝐴𝐴𝑇𝑇𝑠𝑠,𝑠𝑠 =
𝐷𝐷𝑈𝑈𝑈𝑈𝐶𝐶 𝑅𝑅𝑇𝑇𝑅𝑅𝑀𝑀𝑇𝑇𝐷𝐷𝑇𝑇𝑇𝑇 𝐷𝐷𝑇𝑇𝐷𝐷𝐷𝐷ℎ𝑠𝑠,𝑠𝑠 − (𝐷𝐷𝐷𝐷𝑎𝑎𝐷𝐷𝐷𝐷 −

𝐴𝐴𝐴𝐴𝐷𝐷𝐴𝐴𝑀𝑀𝐴𝐴𝑀𝑀𝑇𝑇𝐴𝐴𝑎𝑎𝑎𝑎 𝐻𝐻𝐻𝐻 ℎ𝑇𝑇𝑇𝑇𝑒𝑒ℎ𝐷𝐷) (3) 
 
The resulting distribution of required UKC allowance 
for each node along the channel was extracted and 
the upper percentiles were plotted for each vessel 
class. In the following discussion, results for an 
outbound large container vessel (Figure 4) and 
inbound bulk carrier (Figure 5) are presented. 
These were the two most controlling vessels as they 
are modelled to have the greatest squat in Reach 3. 
They further illustrate the difference that transit 
timing and direction can make to UKC 
requirements. 
 
These visualisations enable the range of UKC 
allowances through the channel to be seen clearly 
and show the points at which critical UKC occurs. 
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Figure 4   Calculated UKC allowance required along the channel for the 280x40m Container outbound on the HW for a 
range of accessibility percentages. The critical UKC areas are shaded in red. This enables a UKC allowance to be chosen 
to enable transits to occur safely in a selected percentage of conditions. 

 

 
Figure 5   Calculated UKC allowance required along the channel for the 200x38m Bulk Carrier (Alumina) inbound on the 
HW for a range of accessibility percentages. The critical UKC areas are shaded in red. 
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In both cases Reach 3 is the critical region, 
especially at the outer end at the bend into Reach 
2. The analysis showed that, if simply applied to the 
astronomical HW/LW predicted tide levels, the 
existing static UKC allowance used at South Port is 
non-conservative in Reach 3 when compared to 
dynamic allowances for all factors which need to be 
allowed for in a simple static UKC allowance. 
 
Taking a 99.0% confidence level as a reasonable 
level for the purpose of illustration, results show that 
a UKC allowance of 1.4m is required in Reach 3 for 
the outbound container vessel, and 1.6m for the 
inbound alumina carrier – both significantly more 
than the 1.2m allowance.  
 
A key consideration at South Port is that the existing 
static UKC rule was stated to use the astronomical 
HW prediction. Analysis showed that this 
simplification introduces a large amount of 
uncertainty through a combination of three factors 
that are not included in the astronomical high water 
prediction: 
 
1. Tide residuals at the Pilot Wharf range 

between -20cm up to +40cm. 
2. There is a delay between HW (when the UKC 

is calculated) and slack water (when the vessel 
is in Reach 3). For the transits modelled this 
results in a lower water level at sailing time by 
as much as -20cm. 

3. Deep-draft transits occur at slack high water 
when there is a spatial water level gradient 
arresting flow of water before ebb flow starts. 
For the simulated transits, this water level 
gradient resulted in water level at locations of 
critical UKC being up to 20cm lower than at the 
Pilot Wharf tide gauge in the Inner Harbour. 

 
These effects can combine and result in much less 
water available at critical UKC locations than 
indicated by simplistic application of the port’s static 
UKC rule. 
 
4.4 Discussion 
The objective of this study was to understand and 
assess the existing static UKC rule used at South 
Port. 
 
This analysis confirmed that Reach 3 is a critical 
region for UKC. By using the DUKC® to test the 
common understanding of the static UKC rule which 
is stated as “at least 1.2m in No.3 Reach” calculated 
using the astronomical HW, it was found that, under 
certain circumstances, this allowance was 
insufficient and should be increased by as much as 
40cm. The analysis also identified that the static 
UKC rule needed to allow for the deviation of actual 
tide levels from astronomical predictions, the fact 
that HW does not occur at slack water, the spatial 
gradient in tide level experienced at slack water, 

and the possible impact of transient water level set 
down due to LPW. 
 
Discussing these findings with the full pilotage team 
at South Port revealed subtleties in the application 
of the port’s UKC rule which effectively addressed 
most of these potentially concerning outcomes. The 
static rule as stated using the astronomical HW is 
used for planning purposes, but for operational 
decisions there are extra allowances made. 
 
• In the maximum draft table in port procedures 

[3] described in Section 4.1, the increased UKC 
allowance of 1.5m for higher tides exists to 
allow for greater fall between HW and transits 
at slack water during these large tides. 

• Pilots do check the tidal residual at the time of 
sailing, and if there is a lower tide than 
predicted, maximum drafts are reduced 
accordingly. 

• Pilots are aware of, and avoid, the shallowest 
areas of the entrance channel. This effectively 
introduces extra available UKC compared with 
the calculation performed using the shallowest 
channel depths. 

 
This study highlighted the importance of these 
subtleties and enabled them to be understood by 
the full pilotage team, while also highlighting the 
presence of the tidal gradient through Reach 3 and 
the effect of LPW on the UKC of vessels in the port. 
 

 
Figure 6   Shallow depths and future dredged regions after 
dredging in Reach 3. 

A further outcome was identified relating to depths, 
with ramifications after planned dredging. The 
declared depth in Reach 3 was 8.5m which the UKC 
is calculated to. As Figure 6 shows this depth was 
at the northern edge of the channel. This was well 
known by pilots, and they accordingly keep towards 
deeper water on the southern side of the channel. 
Thus, effectively having somewhat more static UKC 
than required by the written procedures. However, 
when dredging occurs to a new declared depth, the 
new shallow areas will not be able to be avoided, 
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and operations would become riskier if the UKC rule 
was not properly applied. 
 
The result of applying this methodology with South 
Port was confirmation of the rationale behind a 
deceptively simple static UKC rule and clarification 
of the manner in which it should be applied in 
operations and planning. This improved 
understanding serves as a firm foundation for the 
design of capital dredging and ongoing safe 
operation of whatever channel and future vessel 
fleet the pilots are required to operate with. 
 
5. Conclusions 
The methodology presented provides a clear 
scientific method to design and assess a static UKC 
rule at any port or channel. By using a DUKC® 
system, informed by a history of environmental and 
operational data, a static UKC rule can be designed 
and appropriate UKC allowances chosen to allow 
any required percentage of transits at the port to do 
so safely within best-practice DUKC® safety 
allowances. 
 
This method has been successfully applied at South 
Port to aid them in understanding their long-

standing UKC rule. The analysis validated the 
existing UKC rule but clarified the way that the rule 
must be applied at the port, which previously 
appeared to be understood by only a few key 
stakeholders. The study enabled South Port to 
confidently move forward with planned changes and 
quantify dredging in UKC critical areas identified by 
this study. 
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Abstract 
Low lying tropical islands such as coral cays and atolls exist on large flat reef platforms. These islands are 
shielded from a significant amount of the energy in the waters that surround the reef, with waves breaking on 
the reefs edge and the currents energy dissipating in the reef’s shallow waters. Despite this protection, 
significant amounts of energy are transmitted onto the reef top with modified currents and waves acting as the 
drivers for sediment transport. The islands and the sediments on the platform are made up of material derived 
from the living reef that surrounds them. An islands shape, location and distribution of sediment on the reef 
represents a dynamic balance between the sediment supply and the forces that impact the reef platform.  
 
Although it is generally understood that climate change, particularly sea level rise, is a threat to communities 
and habitats on these low-lying tropical islands the full nature of this threat is not well understood. Apart from 
marine flooding, climate change is forecast to impact reef health sediment supply as well as the distribution of 
energy driving the morphology on the reef platform. 
 
Combining observations and studies on islands across the Pacific, the Torres Strait and South East Asia this 
paper presents detailed analysis supported by numerical modelling of the morphology and coastal processes 
of reef top islands. The historic conditions and a climate change impacted future where raised water levels 
alter wave energy distribution on the reef platform are the focus of the analysis. Finally, the paper identifies 
the threats to the islands and communities from the changing reef top morphology. The discussion will consider 
adaptations to climate change threats such as flooding and ground water contamination. 
 
Keywords: climate change, reef, morphology, cay, atoll, coastal processes. 
 
1. Introduction 
When considering the impacts of climate change, 
reef top islands such as coral cays and atolls are 
some of the most vulnerable coastal systems. The 
existence of these islands represents a balance 
between natural systems. With living organisms 
creating sediments and the costal processes driving 
reef top morphology and ultimately the loss of 
sediments from the reef. 
 
This paper examines the processes that create the 
reef top islands and analyses the morphology and 
coastal processes of these islands. We then 
examine the threats to the islands posed by 
anthropogenic impacts, including climate change.  
 
Specifically, the paper examines the threat of 
changing reef top morphology to the island caused 
by rising sea levels. The discussion will consider 
adaptations of the indirect climate change threats 
such as flooding and ground water contamination. 
 
2. Reef Top Islands 
The subsequent sections highlight how reef top 
islands are created and how they are threatened by 
minor changes in the natural systems that create 
them.  
 
2.1 Coral Reefs and Sediments 
Corals grow on hard strata in warm low nutrient 
waters. Initially corals colonise rocky beds, however 

large reef systems are created by corals growing on 
the skeletons of dead coral. The coral reefs growth 
upward is limited when they are exposed at the 
water’s surface during low tides. This process 
results in large areas of flat reef top at approximately 
a mean low water springs level. 
 
Sediments found on the reef platform are calcium 
carbonates comprising of the skeletal remains of 
various organisms that inhabit the local reef 
ecosystem. Analysis of sediments on Masig Island 
in the Torres Strait (ref. Parnell et.al. 2010) revealed 
the sediment composition presented in Table 1. 
Table 1   Origins of reef top sediments (Masig) 

Organism Contribution 
Mollusc 25% 
Foraminifera 23% 
Coral 20% 
Halimeda 12% 
Coralline algae 5% 
Indeterminate & minor 15% 

 
The primary contributions are from Molluscs (e.g.  
snails, clams, oysters), Foraminifera (primitive small 
organisms) and coral. Lesser contributions are 
made by Halimeda (algae that accumulates calcium 
carbonate in its tissues), coralline algae and 
indeterminate sources. The noteworthy finding of 
the sediment analysis is that the sediments have 
come from a range of organisms. The distribution 
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will vary significantly between regions and even 
islands. 
 
Sand sampling from various sources (ref AECOM 
2020 and Parnell et al 2010) reveal that the reef top 
sediments have a wide grade. While sand found on 
the beaches, by comparison, are coarser and have 
a narrower grade, due to sorting under wave action.  
 
2.2 Formation of Islands 
The existence of these reef top islands represents a 
balance between sand supply from the living reef 
and the reef top morphology that sees the sand 
washing across the reef with most eventually 
washed off the reef platform. Due to the seasonal 
weather systems in the tropics the winds and waves 
that drive reef top sand transport vary considerably 
in direction at different times of the year. This results 
in annual fluctuations in the sediments and their 
transport around the island. The existence of the 
islands in their current location and shape is based 
on the even distribution of morphological forces 
primarily driven by these two seasons. As an 
example, the islands in Queensland show that the 
sand generally accumulates on the north west 
corners of the reefs due the dominant South East 
wind and the wave conditions of the dry season. 
 
During cyclonic conditions marine forces on the reef 
platform become significant with the elevation of the 
island increasing by marine flooding events (see 
Figure 1). Similarly, these extreme events can also 
drive significant rapid changes to island shape. 
 

 
Figure 1   Nanumea during Tropical Cyclone Pam, April 
2015. This event flooded numerous islands in Tuvalu. 

 
2.3 Beach Rock  
A common feature on most coral islands is the 
development of a material called beach rock. 
Calcium carbonate from the sand dissolves into the 
fresh ground water table that exists within these 
islands. When this calcium carbonate solution 
reaches the beach, the water evaporates and the 
calcium carbonate precipitates, binding the beach 
sands together. Over time the thickness and 
hardness of this material can increase. This is 
material has a surface profile similar to the original 
beach profile as seen in Figure 2. 

 
Figure 2   Exposed beach rock, Fongafale (Tuvalu). 
Beach rock profile matching the original beach profile. 

Mature beach rock formations can be extensive 
within a mature island. Although a relatively weak 
rock, if substantial enough, offers some level of 
resistance to erosion. This plays an important role 
in reducing island mobility and erosion. 
 
2.4 Island Mobility 
A reef top sand islands vulnerability to coastal 
erosion or accretion is known to be considerable. 
This results in the islands sands having a natural 
degree of mobility on the reef top. The scale of 
short-term mobility on Poruma is captured in historic 
coast lines presented in Figure 3. The degree of 
mobility is reduced through stabilising influences 
such as beach rock or mature vegetation. 
 

 
Figure 3   Several decades of coastline movement at the 
western end of Poruma (Torres Strait). Note the beach 
rock formations on the south coast. Source Parnell 2010. 

Over longer time periods islands can form, erode 
away or shift significant distances. A demonstration 
of this is seen in Figure 4, where beach rock that 
had formed under a north facing beach is now 
exposed on a south facing beach on Masig Island. 
 

 
Figure 4   Beach rock visible on a south facing beach of 
Masig Island (Torres Strait). The profile of the beach rock 
reveals that it was formed under a north facing beach. 
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3. Morphology Threats to Islands 
In broader terms, the threats to these islands can be 
categorised into direct anthropogenic actions, 
impacts to sand supply due to reduced reef health 
and the impacts resulting from sea level rise and 
climate change. 
 
3.1 Direct Anthropogenic Actions 
The impact of human activity on the islands and reef 
systems that support them is a major concern for 
the sustainability and the islands they support. 
 
Due to seasonal conditions, the islands coastal 
processes are driven by two distinct sediment 
transport regimes. The sediment tends to move in 
one direction for part of the year and in the opposite 
direction for the remainder of the year. This 
effectively leads to sand travelling around the 
islands. The construction of dredged channels and 
groynes interrupts this natural movement. If these 
activities result in the build-up of sand in areas near 
the reef edge it can accelerate the sand lost from 
the reef platform, this can be seen in Figure 5.  
 

 
Figure 5   Accelerated loss of sand from reef platform due 
to construction of groynes trapping sand at north west 
corner of island, Poruma (Torres Strait). Source Parnell 
2010. 

3.2 Loss of Reef Vigour 
As discussed previously the nature of sediment 
sources in these settings is such that a loss of vigour 
in the reef system will impact sediment supply. The 
following anthropogenic factors are known threats 
to reef health and thus sediment supply. 
 
3.2.1 Water Quality and Algae 
A common issue for reef health is the decline in 
water quality due to human activity. On cays and 
atolls, the natural systems are typically low turbidity 
and nutrient environments. Coral reefs suffer in 
waters that are consistently high in nutrients, as it 
promotes algal growth and inhibits the development 
of the native corals. Furthermore, turbid waters 
reduce light exposure to these corals, thus 
restricting their growth. The concentration of people, 

their effluent and agriculture results in a significant 
increase in nutrients and turbidity in the water. 
 
On atolls, with their large internal lagoons the 
hydraulics of the islands is such that groundwater is 
biased towards the lagoon where nutrient 
concentrations are exaggerated due to a lack of 
dilution as seen in Figure 6. This issue can be 
managed with appropriate controls. 
 

 
Figure 6   Algae’s visible in the waters of Funafuti Lagoon 
adjacent to Fongafale, Tuvalu’s main population centre. 
Source Hall Construction 2016 

3.2.2 Coral Bleaching 
A well-publicised threat to reef health is coral 
bleaching, resulting from excessively warm water. 
Although a natural phenomenon global warming 
has increased severity and intensity of bleaching 
events, reducing the windows for recovery. An 
example of bleached coral is seen in Figure 7. 
 

 
Figure 7   Example of Coral Bleaching in the Torres Strait 
exposed by a low tide. (Source TSRA). 

The repeated coral bleaching events reduce the 
reefs ability to generate sand or respond to water 
level changes. The severity of this threat and 
whether corals can adapt to the warmer conditions 
will become more apparent over the next few 
decades. 
 
3.3 Climate Change and Reef Top Morphology 
As previously discussed, the reef top morphology is 
driven by currents and waves across these large 
shallow platforms. The energy in the system is 
directly linked to the depth of water over the reef, 
with sediment transport dominated by high water 
level conditions. Changes in frequency or depth of 
water over the reef platform will change the 
morphology of the reef platform. 
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3.3.1 Increased Water Depth 
The biggest impact of climate change on reef top 
morphology is the increased water depths 
associated with sea level rise. Observations have 
found that reefs can and do respond to rising sea 
levels. After the last ice age sea levels rose 
approximately 120 m over several thousand years, 
before stabilising at their current levels 
approximately 8,000 years ago.  
 
Sea levels are rising again due to global warming. 
Over the last 30 years sea levels have risen by 
approximately 0.1 m, with the rates of sea level rise 
forecasted to increase over the coming decades 
(refer Oppennheimer, et. al., IPCC 2019). The 
response coral reefs will have with the current rising 
sea levels is yet to be properly understood, 
however, based on observations the reefs are not 
reacting rapidly with reef crest levels remaining 
unaltered. 
 
As sea level rise increases and there is a loss of reef 
vigour it is forecast reef vertical growth will not keep 
up with sea level rise (refer Perry et. Al. 2018). The 
increased water levels result in significantly more 
energy passing onto the reef platform. The changes 
can be summarised as: 
 
• Increased wave heights (depth limiting) 
• Increased water conveyance over the reef edge 
• Reduced effective friction on the reef platform 
 
These changes will result in significantly more 
energy on the reef tops which will impact the 
islands. Since most of the energy approaching the 
reef is dissipated or blocked on the reef edge these 
changes in water level in disproportionately create 
large increases in energy on the reef platform. 
 
3.3.2 Changes in Climatic Systems 
An often discussed, but less well defined, threat of 
climate change are changes to the broader weather 
systems. For the tropic this primarily relates to: 
 
• Shifts in the timing or nature of seasonal 

weather patterns (wet – dry season). 

• Frequency and intensity of cyclonic systems. 
 
At this time modelling indicates the most likely 
outcome of climate change will be less frequent but 
more intense cyclonic systems in the tropics (refer 
Oppennheimer, et. al., IPCC 2019). However, the 
conclusion is still that this is an area of uncertainty. 
 
Powerful cyclones cause significant changes to reef 
top systems. Tropical Cyclone Pam was an 
unusually powerful and large system for the South 
Pacific. Even though this powerful Category five 
system passed several hundred kilometres to the 
west the large swell impacting Tuvalu resulted 
storm tides that affected 40% of the population. In 
the aftermath significant changes to many islands 
were observed. These changes and impacts are 
presented in Figure 1, Figure 8 and Figure 9. 
 

 
Figure 8   Island reshaping and loss of sediment from reef 
top due to by TC Pam is revealed by Coconut trees and 
sand strewn across the reef platform towards the reef 
edge on Nanumaga. (Source Public Works Department of 
Tuvlau). 

There is currently no firm scientific opinion when it 
comes to cyclonic systems and their likely impacts 
with climate change. In particular, the variations to 
the seasonal winds and waves as well as inter 
annual events such as el nino and la nina available. 
The intensity and duration of these climatic systems 
are, of course, critical to the reef top morphology. 
Apart from the wind and wave direction these 
systems are a large driver in regional water level 
shifts. 
 
 

  
Figure 9   Severely impacted small island on Funafuti Atoll. As a result of TC Pam approximately 50% of the vegetated 
area was lost with the sand washed to the lagoon side of the island (right of images).  
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4. Quantifying Impacts of Sea Level Rise 
As part of a broader assessment of the potential 
hazards to the islands in the Torres Strait a detailed 
assessment of coastal processes on two islands 
was undertaken by AECOM for the Torres Strait 
Island Reginal Council (TSIRC). This assessment 
was completed in 2020 to help inform the decision 
making process and design on these and other 
islands. 
 
4.1 Offshore Wave Climate 
The most important influence on the hydrodynamics 
on the island was the wind regime and its seasonal 
reverse from south-easterly (SE) to north-westerly 
(NW) and vice-versa. In the Torres Strait the SE 
winds are dominate, blowing for approximately 8 

months of the year (March to December) while the 
wet season, which has more variability but intense 
NW winds for 3 months of the year (December to 
March). 
 
Directional sea wave data was extracted from the 
NOAA database, as presented in Figure 10 and 
Figure 11. This wave distribution is consistent with 
the wind data collected in the Torres Strait, with 60 
to 65% of the seas approaching from the SE and 20 
to 25% of the seas approaching from the NW over 
time. The NOAA sea waves from the NW are less 
consistent, which aligns with the recorded variability 
data for the islands. However, these NW waves can 
be significantly larger, thus driving sediment 
transport. 

 

 
Figure 10   Directional distribution of offshore waves. (Source AECOM 2020) 

 
Figure 11   Offshore wave height distribution. (Source AECOM 2020) 
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4.2 Water Level Analysis 
The tide level variations, and the associated depth 
of water over the reef, limit the wave height that can 
reach the foreshores. To assess the impact of the 
tides on the wave climate the tides were analysed 

to determine the probability of occurrence of water 
levels. The variations in tide level, and the 
associated depth of water over the reef, limit the 
wave height that can reach the foreshores. The 
results of the analysis are presented in Figure 12. 

 

 
Figure 12   Tide level occurrence probability on Masig. 
(Source AECOM 2020) 

 
4.3 Reef Top Wave Climate 
4.3.1 Depth Limiting 
Reef flats and fringing reefs surrounding islands in 
the Torres Strait alter the characteristics of waves 
reaching island shorelines (Duce et al., 2010). This 
is particularly important as the characteristics of the 
waves reaching the shoreline define the coastal 
processes. Waves will typically experience some 
level of depth limiting when passing over the reef. 
 
The depth limiting component was determined via 
the use of in-house software that is based on 
theorems developed by Battjes & Groenendijk 
(2000). This considered wave height distribution for 
waves within the surf zone and work by Nelson 
(1997) on reef top depth limited breaking. Nelson 
found that flat reef areas resulted in depth limited 
waves that were only 0.55 times the depth of water. 
This was confirmed by work undertaken by Brander 
(2004). 
 
Reef levels taken from survey data were typically 
1.5 m above LAT, though some parts of the north 
coast had reef levels 0.5 m above LAT.  
 
4.3.2 Refraction 
The wave direction on the reef top was assessed 
using Snell’s law for refracting waves as described 
in Equation 1. 
 

𝐶𝐶2
𝐶𝐶1

= 𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼2
𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼1

 (1) 

 
where C2 = deep wave celerity, C1 = reef top wave 
celerity, α2 = deep water wave angle to the reef 
edge and α1 = reef top wave angle to the reef edge. 
 

4.3.3 Diffraction 
Waves diffracting around the islands were assessed 
using diffraction curves presented in the Coastal 
Engineering Manual (ref. USACE 2008). The 
diffracted waves act to push sand along the leeward 
side of coasts and play an important role in island 
coastal processes. 
 
4.4 Coastal Processes 
4.4.1 Sediment Characteristics 
Sand from the beaches, reef flats and dunes on the 
islands were analysed. As discussed previously the 
beach sand is a large fraction of the reef top island. 
This analysis revealed the sand sizes that are 
presented in Table 2. The sand density was 
assessed to be 2,650 kg/m3 with a bulk density of 
1,590 kg/m3 (40% voids). 
Table 2   Beach sand size 

 Masig Poruma 
D50 0.9 mm 0.8 mm 

 

 
4.4.2 Longshore Transport 
To estimate the potential longshore sediment 
transport rates the CERC formula was adopted. The 
CERC formula, presented in Equation 2 is a widely 
used approach for estimating longshore transport 
and was initially developed by the US Army Corps 
of Engineers (USACE) in 1984. 
 

𝑄𝑄 = 𝐾𝐾 � 𝜌𝜌√𝑔𝑔
16𝜅𝜅0.5(𝜌𝜌𝑠𝑠−𝜌𝜌)(1−𝑠𝑠)�𝐻𝐻𝑏𝑏

5/2 𝑠𝑠𝑠𝑠𝑠𝑠(2𝛼𝛼𝑏𝑏) (2) 
 
where Q = sand transport volume; K = Sand 
transport coefficient (Equation 3); ρ = density of 
seawater (1,025 kg/m3); ρs = sand density 
(2,650 kg/m3); κ = beach wave breakwater index = 
1.0; n = sand bed porosity; Hb = wave breaker 
height; and αb = wave breaker angle. 
 
An empirically based formula for the sand transport 
coefficient is as shown in Equation 3. The 
relationship was developed by Del Valle et al. 
(1993) for median grain sizes between 0.4 and 1.5 
mm.  
 

𝐾𝐾 = 1.4 𝑒𝑒(−2.5 𝐷𝐷50) (3) 
 
4.5 Calculated Sediment Transport 
Combining the water level and wave climate 
statistics with the sediment characteristics, the 
adopted wave transformation inputs for the CERC 
formula were determined. The above data resulted 
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in the estimated present day sediment transport 
rates as presented in Table 3. 
Table 3   Present day sediment transport potential 

 Masig Poruma 
NW Season 11,100 m3/a 8,700 m3/a 
SE Season 11,300 m3/a 7,600 m3/a 

 
The results show that the system is in balance. 
During the dry season the south easterly waves 
drive sand to the north western end of the islands, 
primarily along the south coast. Conversely, during 
the shorter more intense wet season sand is pushed 
to the south east, along the north coast. This 
mechanism typically results in a clockwise direction 
of sand transport around the island, explaining why 
construction of groynes and dredging dramatically 
interrupts the coastal processes on these islands as 
it creates a void inhibiting sand movement. 
 
4.6 Impact of Sea Level Rise 
The impacts of sea level rise on this system have 
been discussed previously. When specifically 
applied to the coastal morphology the result is 
increased rates of sediment transport due to 
increased energy crossing the reef. However, as 
seen in Figure 13 the rate of increase is not equal. 
This leads to an imbalance which, in the Torres 
Strait will result in sediments being forced towards 
the north west and off the reef the platform, starving 
the islands of stable sand reserves.  
 
5. Summary  
Coral cays and atolls have developed since sea 
levels stabilised 8,000 years ago based on a 
balance between sand supplied by the living reef 
and the morphology on the reef top platform. The 
islands that exist on the reef top face numerous 

threats from both climate change and other 
anthropogenic impacts. 
 
This study briefly explores the current threats prior 
to examining the sediment transport regime that 
exists on a few coral cays in the Torres Strait in 
more detail. This analysis revealed that the islands 
currently have balanced coastal transport regimes 
with approximately 10,000 m3/annum traveling 
around the islands coast in a clockwise direction. 
 
Sea level rise will result in significantly increased 
energy levels on the reef top and thus increased 
rates of sediment transport. The analysis reveals 
that while sediment transport rates increase for both 
seasons the rates of increase are far greater for the 
dominant SE conditions seen in the dry season. 
This will result in the loss of sand from the reef top 
and starve the islands of sand supply. 
In developing responses to the threats that these 
islands and their communities face we need to 
understand the nature of these systems that drive 
coastal processes. The realities of the changing reef 
top morphology and water levels mean that the 
construction of coastal defences including seawalls 
and flood barriers are required to secure the islands 
longevity. This decision needs to be tempered by 
the threats to water table contamination and the 
general liveability, that would make living on the 
islands untenable. 
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Figure 13   Impact of Sea Level Rise on Sediment Transport (Source AECOM 2020) 
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Abstract 
On reef mediated coastlines, both waves and tides make an important contribution to the often-complex 
hydrodynamic processes. This is particularly the case for coral reef fringed islands and atolls, where wave 
driven flows heavily influence water quality, flushing, sediment transport and other ecological processes. 
 
In a previous paper we explored the hydrodynamics of a fringing reef system at Muri Lagoon on the south-
eastern coast of Rarotonga, Cook Islands. Muri Lagoon is a complex and shallow lagoon that contains a 
network of reef-top islands (motu) and drains through a natural passage in the fringing reef at Avana Harbour. 
The lagoon has a range of water quality issues, mostly the result of terrestrial inputs from the adjacent 
catchments including increasing nutrient and sediment loads. Within the current paper we now extend the 
previous work to investigate the influence of seasonality and ENSO on key hydrodynamic drivers of the lagoon, 
and the indirect relation to water quality and ecological health.  
 
The hydrodynamics of the lagoon have previously been shown to be dominated by wave-driven currents that 
are modulated by tidal fluctuations in water level as freeboard over the fringing reef edge. We now combine 
this background knowledge with analysis of a down-scaled 40-year wave climate hindcast, to understand 
seasonality of wave energy, and the inter-annual influence of ENSO. An analysis is also undertaken for mean 
level of the sea to understand if there are also seasonal or inter-annual influences on this hydrodynamic driver.  
In considering Muri as a case study for other similar lagoons around the Pacific region, we discuss the learnings 
that can be drawn from the work in a broader context. 
 
Keywords: Coral reef, lagoon, hydrodynamics, seasonality, ENSO. 
 
1. Introduction 
On reef-mediated coastlines, both waves and tides 
make an important contribution to the often-complex 
hydrodynamic processes of the coastal systems [1] 
[2] [3]. This is particularly the case for coral reef 
fringed islands and atolls of the tropical Pacific, 
where wave-driven flows heavily influence water 
quality and flushing, sediment transport and other 
ecological processes within lagoon systems. 
 
In a previous paper [4] we introduced a field 
investigation site, Muri Lagoon, and explored the 
hydrodynamics of the lagoon through presentation 
and analysis of a range of field data sets. Within the 
current paper we now extend this work to 
investigate the influence of seasonality and the El 
Niño-Southern Oscillation (ENSO) on key 
hydrodynamic drivers of the lagoon, and the indirect 
relation to water quality and ecological health. 
Section 2 of the paper provides an overview of key 
findings from the previous analysis of lagoon 
hydrodynamics, while the new analysis of climate-
related influences is presented in Sections 3 and 4. 
 
2. Background 
2.1 Location 
Muri Lagoon is located on the south-eastern coast 
of Rarotonga, a volcanic island in the southern 
group of the Cook Islands. The lagoon is a complex 
and shallow system, with a length of approximately 

2.5 km and typical water depths ranging from 2 m in 
the main lagoon basin down to 0.5 m through parts 
of the lagoon channels. The lagoon is sheltered 
from the open ocean swell by a fringing reef, and 
four motu (islands) are situated within the lagoon, 
creating a network of flow channels. The lagoon 
system drains through the Avana Passage at the 
northern end, which is a deep natural passage 
formed through the fringing reef (Figure 1). 
 
2.2 Hydrodynamic Investigations 
A detailed field investigation was undertaken in 2018 
to develop a contemporary understanding of the 
coastal and hydrodynamic processes of the system. 
Full details of the investigation are reported in [4] and 
[5]. The main field investigation comprised a network 
of monitoring stations established for the collection of 
hydrodynamic data, and included continuous 
recording of water levels, currents and waves at key 
locations around the lagoon (Table 1, Figure 1). Each 
monitoring station comprised a range of logging 
instruments as detailed in [4] and summarised in 
Table 1. Data sets were collected over a 16-week 
period from February to May 2018. Synchronous 
ocean water level data from the SeaFRAME tide 
gauge at Avatiu Port (Figure 1) on the north coast of 
Rarotonga was also obtained from the Bureau of 
Meteorology, as well as hindcast deepwater wave 
conditions from CAWCR’s wave hindcast for the 
Pacific region [6].  
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Figure 1: (Left) Location of the Cook Islands, Rarotonga and Muri Lagoon; (Right) Arrangement of Monitoring Stations 

 
Table 1  Measurements at each Monitoring Station 

Measurement 
Monitoring Station ID 

A B C D E F G 

Water Level ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Currents ✓ ✓ ✓ ✓ ✓ ✓  

Water Temp. ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

Waves   ✓     ✓ 
 
2.3 Summary of Lagoon Hydrodynamics 
Data collected during the 16-week monitoring 
program was analysed to develop a robust 
understanding of the hydrodynamics of the lagoon. 
Only the key processes identified from the analysis 
are explained here for context, firstly related to 
water levels, and secondly related to currents and 
flows within the lagoon.  
 
2.3.1 Lagoon Water Levels 
Compared to the open ocean tides, water levels 
within the lagoon were found to: 

• Have a superelevated mean water level, 
varying between 0.1 and 0.5 m above the ocean 
sea level.  

• Have a slight phase lag in tides (15 – 25 mins), 
in particular at low tide; 

• Have a reduced tidal amplitude (60-80% of full 
amplitude). 

Further analysis determined that the lagoon water 
levels were strongly influenced by the ocean wave 
climate breaking on the fringing reef, such that wave 
energy was the primary driver for the lagoon water 
level setup or “pumping”. Figure 2 (top panel) shows 
a plot of nearshore wave energy flux and the 
recorded lagoon water level in the main lagoon 
basin (Monitoring Station B), covering a one-month 
subset of the recorded data. It can be seen in this 
figure that, in addition to tidal fluctuations, the 
lagoon water level has a non-tidal setup component 
(dark blue line) that is closely correlated to the wave 
energy on the fringing reef (orange line).  
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2.3.2 Lagoon Currents and Flushing 
Currents within the lagoon were found to move from 
the south toward the north during most conditions, 
with flows eventually draining back to the open 
ocean through Avana passage. Analysis of lagoon 
water levels showed that a corresponding south-to-
north hydraulic gradient through the system was the 
driver of these flows and was generated by the 
wave-driven pumping/setup of lagoon water level. 
As such, waves are considered to, indirectly, be the 
key driver of lagoon flows. The correlation between 
wave energy flux on the fringing reef, and the speed 

of currents discharging from the lagoon at 
Monitoring Station F is shown in Figure 2 (bottom). 
 
Currents flowing through the system were found to 
be greater at high tide when ocean water levels 
create a greater freeboard over the fringing reef, 
compared with low tide when the ocean water level 
is below the crest of the fringing reef (see light blue 
line in Figure 2). When averaged across a complete 
tide cycle, the tidally-averaged currents (dark blue 
line) can be seen to be closely correlated to the 
wave energy flux on the fringing reef (orange line).

 

 
Figure 2: Example of Lagoon Water Level Fluctuations (Top) and Currents (Bottom) in Muri Lagoon 

 
2.3.3 Discussion on Hydrodynamic Processes 
The key conclusion from the analysis of lagoon 
hydrodynamics is that currents and flushing of the 
lagoon are driven by wave energy on the fringing 
reef, but modulated by ocean tide level. This finding 
is consistent with the “wave pump” theory published 
in [1], where analysis of a similar hydrodynamic data 
set for a reef-fringed atoll in the northern group of 
the Cook Islands is presented. [1] identifies an 
empirical model for the wave pump theory (Figure 
3; Equation 1), whereby flows into the lagoon are 
shown as being proportional to: 

1. wave energy flux;  

2. ocean water level freeboard over the 
fringing reef.  

 
𝑄𝑄𝑖𝑖 = 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐸𝐸𝑓𝑓
𝜌𝜌𝜌𝜌(𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚−𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)

  (1) 
 
where Qi = inflow to the lagoon; Ef = wave energy flux; 
nmax = peak lagoon water level near reef edge; ntide = 
ocean tide level; Cpump = energy conversion coefficient 
 
 

 
Figure 3: Wave pump model for an atoll fringing reef [1] 
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It is, therefore, plausible to also conclude that 
seasonal or inter-decadal shifts in wave energy or 
mean level of the sea (MLoS), may have a 
corresponding shift in lagoon currents and flushing 
rates, ultimately impacting the water quality of the 
lagoon. This is now explored in the following 
sections of the paper. 
 
3. Methodology and Results 
The updated analysis completed for this paper has 
focussed on the wave climatology and water levels 
for the Muri coastline, including long term averages, 
seasonality, and the influence of ENSO. Section 3.1 
presents the analysis of wave climate, while Section 
3.2 presents the analysis for water levels.  
 
3.1 Wave Climate Analysis 
Analysis of the wave climate for the Muri coastline 
was based on a 40-year hindcast of nearshore wave 
conditions, covering the period 1/1/1980 to 
31/12/2020. Firstly, a deepwater wave hindcast for 
the open ocean offshore of Rarotonga was obtained 
from the CAWCR Wave Hindcast for the Pacific 
region [6]. This regional hindcast was developed 
under the Pacific-Australia Climate Change Science 
and Adaptation Planning Program and was based 
on a global Wavewatch III model with higher 
resolution nested grids in the vicinity of major island 
nations (Figure 4). Within the vicinity of Rarotonga, 
the hindcast model had a resolution of 4 arcminutes.  
 

 
Figure 4: CAWCR Hindcast model grid resolutions [6] 

The 40-year deepwater wave hindcast was 
downscaled to create a nearshore wave hindcast 
around the complete coastline of Rarotonga, including 
Muri. Downscaling was completed using the numerical 
model SWAN, established with a series of nested 
model grids including a nearshore grid of 30 m 
resolution covering the region from ~1000 m depth up 
to the edge of the fringing reef (Figure 5). The open-
ocean hourly wave timeseries from the CAWCR Wave 
Hindcast was input as a boundary condition for the 
SWAN model, allowing for the development of the 
40-year hindcast of nearshore wave conditions. The 
nearshore hindcast was subsequently verified against 
4 months of recorded nearshore wave data collected 
by UNSW in 2019, as well as several other historical 

large-wave events that were captured during prior 
wave buoy deployments. Under most conditions the 
nearshore hindcast was found to provide a relatively 
robust estimate of the main wave energy components. 
 

 
Figure 5: High resolution nearshore SWAN model grid 

Nearshore wave conditions were extracted from the 
hindcast along the 15 m depth contour for the Muri 
coastline. The 40-year timeseries was subsequently 
analysed using Python to develop an understanding 
of the wave climatology for Muri.  
 
Figure 6a shows the 40-year hindcast of wave 
energy flux for Muri. Also shown is the seasonal 
average wave energy flux, colour coded for 
simplicity, with red dots indicating a summer 
average (Dec, Jan, Feb), orange dots indicating an 
autumn average (Mar, Apr, May), green dots 
indicating a winter average (Jun, Jul, Aug) and blue 
dots indicating a spring average (Sep, Oct, Nov). 
Also shown in Figure 6b is the multivariate ENSO 
index for the corresponding 40-year period.  
 
Immediately apparent from the seasonal wave time 
series, is that the average wave energy flux for summer 
periods (red dots) is typically lower compared with the 
other three seasons. This is further explored in Figure 7 
(left) which shows the seasonal variation in wave energy 
flux from the long-term mean value. The long-term 
annual average wave energy flux for Muri was 
determined to be 22 kW/m. For summer seasons this 
drops by an average of 4.7 kW/m, corresponding to a 
reduction of 21%.  In contrast, for winter seasons wave 
energy flux was 3.3 kW/m higher than the long-term 
average, an increase of 15%. Key drivers for this 
seasonality are the exposure to easterly trade winds and 
southerly swells which both have strong seasonality. 
 
Figure 7 (right) plots the variation in wave energy flux 
for summer seasons only, separated into all summers, 
El Niño summers and La Niña summers. From this plot 
we can again see that the wave energy flux averaged 
across all summer seasons was 4.7 kW/m lower 
(-21%) than the long-term annual average. Of greater 
significance, we can also see a stark difference in wave 
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energy flux for La Niña summers versus El Niño 
summers. During La Niña summers, average wave 
energy flux was 7.8 kW/m lower than the long-term 
average, corresponding to an additional 14% reduction 
below the average summer value, and a total decrease 
of 35% from the long-term average. For some La Niña 
summers, the reduction in wave energy flux was up to 
50% lower than the long-term annual average. 

While El Niño summers also had slightly lower wave 
energy flux compared to the long-term average value 
(0.9 kW/m reduction, -4%), this was still higher than 
the average summer value, and notably higher than 
the average La Niña summer value. A similar analysis 
to consider ENSO influences on wave energy flux for 
the other seasons was also undertaken (Figure 8), 
with only minor influence of ENSO identified. 

 

 
Figure 6: 40-year time series of wave conditions at Muri (top); Evolution of ENSO index (bottom) 

 

   
Figure 7: Seasonal variation in wave energy flux (left); Influence of ENSO on wave energy flux for summer (right) 

 
Figure 8: Influence of ENSO on wave energy flux for all 
seasons 
 
3.2 Ocean Water Level Analysis 
Analysis of ocean water levels was based on 41 
years of daily sea level measurements from tide 
gauges located at Avarua harbour (1977-1997) and 
Avatiu harbour (1993-2018) on the north coast of 
Rarotonga. Both tide data sets are quality-controlled 

records obtained from the University of Hawaii Sea 
Level Centre. The gauged data was also compared 
with gridded daily sea level estimates from satellite 
altimetry, sourced from the Copernicus Marine 
Environment Monitoring Service for the period 
1993-2018, and found to show good agreement.  
 
The tide gauge sea level data was first de-trended 
to remove the underlying sea level rise signature, 
and analysed to develop a seasonal water level 
timeseries. An analysis of seasonality and ENSO 
influences was subsequently completed for this 
data set. The 41-year daily and seasonal sea level 
time series are shown in Figure 9a, and the analysis 
for seasonality is presented in Figure 10. It can be 
seen here that there is no significant seasonality in 
the variation of MLoS, with the greatest seasonal 
deviation being -2.3 cm in winter (-3.4% of the 
spring tide range). 
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Figure 9: 41-year time series of ocean water levels at Muri (top); Evolution of ENSO index (bottom) 

 

 
Figure 10: Seasonal variation in Mean Level of the Sea 
 
The results of the analysis to consider the influence 
of ENSO on MLoS across all seasons is shown in 
Figure 11. It can be seen here that during El Niño 
periods, MLoS had a very slight 1.5 cm deviation 
lower than the long-term mean position (-2.2% of 
the spring tide range), whereas during La Niña 
periods sea level tended to deviate very slightly 
higher than the long-term mean (1.2 cm, 1.8% of the 
spring tide range). Both of these values were 
assessed to be statistically non-significant (within 
the error of the analysis).  
 
The analysis also considered the influence of ENSO 
on sea levels on a season-by-season basis. The 
largest influence was noted for the summer season, 
with the results shown in Figure 12. For El Niño 
summer periods MLoS varied 2.2 cm higher than 
the long-term mean (3.2% of spring tide range), 
whereas for La Niña summers it varied 3.1 cm 
higher (4.6% of spring tide range). Both values were 
assessed to be statistically non-significant. 
  
4. Discussion  
Wave energy on the fringing reef has been shown 
to be the dominant driver for flushing of Muri 
Lagoon, consistent with a “wave pump” theory. 
Flows through the lagoon are also modulated by the 
level of the sea relative to the fringing reef and 
elevated lagoon water levels.  

 
Figure 11: Influence of ENSO on Mean Level of the Sea 
across all seasons 

 

 
Figure 12: Influence of ENSO on Mean Level of the Sea 
for summer seasons 
 
The results of the analysis presented in this paper indicate 
that there is very little to no seasonal influence on ocean 
sea level variations for Muri. Likewise, ENSO has no 
significant influence on sea levels. However, wave energy 
on the fringing reef was determined to be significantly 
lower during summer periods compared with other 
seasons. La Niña summers were found to have even 
greater reduction in wave energy, with wave energy flux 
being some 35% lower, and up to 50% lower for some La 
Niña summers, compared with the long-term mean wave 
energy flux. This large decrease in wave energy will also 
translate directly into a large reduction in lagoon flows and 
flushing during La Niña summer seasons.  
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[7] identifies that La Niña periods bring warmer and 
wetter conditions to Rarotonga. This is postulated in [8] 
to result in greater sediment and nutrient runoff from 
the catchment, and reduced salinity of lagoon water; 
both creating preferential conditions for excessive 
growth of algae within the lagoon. As demonstrated in 
the current paper, significantly reduced lagoon flushing 
over La Niña summers will compound with these 
conditions to also result in further water quality issues 
and stress on the marine ecosystem of the lagoon. 
 
During the La Niña summer of 2020/21 these 
climatological factors aligned, and algae growth 
proliferated at Muri. As lagoon water temperatures 
proceeded to climb due to elevated air/sea 
temperatures and a near-complete lack of lagoon 
flushing, algae began to die-off in the lagoon, rapidly 
reducing dissolved oxygen levels and resulting in 
localised areas with near-anoxic conditions [9]. 
Subsequent kills of various marine organisms were 
observed, along with anoxic sub-surface lagoon 
sediments. The impacts on the lagoon were 
significant and translated to impacts on the local 
community with regards to recreation and 
aquaculture activities in the lagoon. Tourism 
impacts would also have been significant had the 
country not been in the midst of the Covid-19 
pandemic.  
 
By having a good understanding that La Niña 
summer conditions result in significantly higher risk 
of lagoon health issues compared with other 
seasons or even El Niño summers, we are now able 
to forecast the high-risk conditions weeks or months 
ahead of impacts occurring. Several organisations 
already produce climate forecasts in the Pacific that 
include seasonal and ENSO impacts on key climate 
parameters such as rainfall and Tropical Cyclone 
likelihood. These forecasts could easily be adapted 
to also consider lagoon health (similar to coral 
bleaching forecasts).   
 
5. Conclusions 
Wave energy is widely recognised as a key driver of 
hydrodynamics for fringing reef and lagoon systems 
typical of many islands in the tropical Pacific. This 
paper has demonstrated the potential for significant 
influence of both seasonality and ENSO on wave-
generated flows and flushing of these systems, 
using Muri Lagoon as a case study. This finding is 
of high relevance to many similar coastal lagoons 
across both the Cook Islands and broader Pacific 
region, with importance for water quality, ecology, 
subsistence and commercial aquaculture and 
tourism as a minimum. Further investigation of 
similar trends in other areas of the Pacific would be 
highly valuable in this regard.  
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Abstract 
This paper describes the methodology and outcomes of a tsunami hazard assessment for Tongatapu, Tonga 
focussing on the capital city of Nuku’alofa. Due to its low elevation, Nuku’alofa, Tonga’s largest city and capital, 
is particularly vulnerable to inundation hazards including storm surge, tsunami, and rainfall, with rising sea 
level set to exacerbate the problem. For this tsunami hazard assessment, the MOST hydrodynamic model was 
calibrated against a historical event and then used to simulate inundation from a suite of 10 earthquake 
scenarios ranging in magnitude from 8.1 to 9.0. Because Tongatapu lies immediately astride a subduction 
zone, tsunami effects are highly dependent on the source location to the north or south. As such, we trialled 
sources varying by distance, magnitude and slip distribution. Results were compared against a probabilistic 
tsunami hazard model to determine recurrence intervals for each source, showing that earthquakes with 
identical probabilities of occurrence in a seismological sense create tsunami effects, which, in a probabilistic 
tsunami framework, have recurrence intervals spanning orders of magnitude. This highlights the need for 
experienced practitioners to be involved when interpreting or applying the results of probabilistic tsunami 
hazard assessments. 
 
Keywords: Tonga, coastal flooding, tsunami, storm surge, probabilistic methods 
 
1. Introduction 
Tongatapu Island is vulnerable to numerous natural 
hazards including tropical cyclones and associated 
flooding from heavy rainfall and coastal storm 
surge, earthquakes and tsunami. The capital city of 
Nuku’alofa is particularly vulnerable owing to its 
relatively low elevation with many areas at or below 
2 m elevation. This vulnerability is expected to 
increase in the future due to rising sea levels, 
increased urbanisation and increased storminess 
due to climate change. 
 
Tongatapu is also at risk of damaging cyclones and 
earthquakes; modelling of these hazards under the 
Pacific Catastrophe Risk Assessment and 
Financing Initiative (PCRAFI) project showed a 1% 
chance in any given year of moderate to heavy 
earthquake damage, or Category 3 tropical cyclone 
impact. The estimated long-term average annual 
loss from earthquake and cyclone equates to 4.4% 
of national GDP, with an extreme loss potentially 
threatening 90% of GDP across the country. 
 
This paper describes a tsunami hazard analysis that 
can be used in conjunction with other hazard 
assessments to effectively prioritise future 
investments in infrastructure for high-risk and/or 
ecologically sensitive locations. The results can be 
combined with other adaptation strategies such as 
changes in building policies, relocation or 
reclassification of urban areas as part of a larger 
Multi-Hazard Disaster Risk Assessment (MHDRA) 
projects. 
 
2. Tonga Tsunami Background 
The Kingdom of Tonga lies some 150 km west of 
the Tonga Trench Subduction zone (Figure 1). Due 

to its proximity, this source presents the most 
significant tsunami hazard for the archipelago. 
However, the tsunami exposure of individual islands 
or island groups depends strongly on its proximity to 
the earthquake source along the trench. 
 
There have been several tsunamigenic earthquakes 
in the Tonga region in recorded history (see 
reference [6]), however none have caused 
destructive effects on Tongatapu. The most 
destructive event in recent history was the 
earthquake of 29 September 2009 which 
devastated the southern coast of Samoa with 
extreme tsunami heights of >20 m. It also caused 
12 m tsunami heights on the northern Tongan 
islands of Tafai and Niuatoputapu but had negligible 
effects on Tongatapu [4,1]. 
 
Two tsunami inundation studies have been 
conducted for Tongatapu by the Secretariat of 
Pacific Communities (SPC); the first [2] focussed on 
extreme scenarios for the purpose of evacuation 
mapping. This study considered two earthquake 
magnitudes (MW 8.7 and 9.0) with epicentres 
positioned at three locations: directly east of 
Tongatapu, ~200 km to the north and ~200 km to 
the south. The simulated earthquakes were 
designed with characteristics similar to the 2011 
earthquake off the coast of Japan. This is larger 
than any tsunami known to have occurred in the 
Tonga Trench and could therefore be regarded as a 
low probability event. 
 
Subsequent to this, in 2018, SPC conducted 
additional inundation modelling for smaller 
magnitude earthquakes (MW ~8.3) with detailed slip 
distributions for four scenarios provided by the 
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Australian Probabilistic Tsunami Hazard Model 
(APTHM) [3]. The modelled tsunami amplitude at an 
offshore location (185.124° W, 21.09° S - 
corresponding to an output node from the APTHM) 
was compared to tsunami height vs. recurrence 
interval curves produced by the APTHM to provide 
an estimate of the recurrence interval for tsunami 
heights at that location. Their results suggested that 
the MW 8.3 events produced tsunami heights at the 
offshore location with recurrence intervals ranging 
from 20 to 250 years (Damlamian, pers. comm.). 
 

 
Figure 1 Extents of the Propagation, A (yellow box) and B 
(red box)-level modelling grids. (inset) Extents of the C-
level modelling grid. 

3. Methodology 
Tsunami modelling was carried out using the 
Community Model Interface for Tsunamis 
(ComMIT) numerical modelling tool [11]. The 
hydrodynamic calculations contained within 
ComMIT are based on the MOST (Method Of 
Splitting Tsunami) algorithm described in [10] and 
[12]. 
 
3.1 Numerical Modelling Grids 
Modelling grids were constructed from global 
bathymetric data sets, digitized nautical charts, and 
high-resolution surveys of Tongatapu including the 
Fanga’uta Lagoon [7,8]. The model used a system 
of three nested grids of increasing resolution (A, B 
and C grids) with the highest resolution grid (the ‘C-
grid’) centred on the site of interest. A fourth grid, 
larger in overall extents than the A grid and of 
coarser resolution was also defined for use in 
modelling the propagation of custom tsunami 
sources. The details of the model grids are listed in 
Table 1 and the extents of the grids are indicated in 

Figure 1. To incorporate the sea level rise (SLR) 
scenarios, we adjusted the vertical datum of the 
bathymetry grids by the appropriate amount (1, 2, 4 
or 6 m). This shift was applied to each grid level in 
the modelling process. The C level grid for each 
SLR scenario is shown in Figure 2. 
 

 
Figure 2 The C-Level modelling grid at 1, 2, 4 and 6 m sea 
level rise. 

Table 1 Details of the numerical modelling grids for the 
tsunami hazard analysis. 

Grid nx ny dx 
(m) 

dy 
(m) 

Propagation 210 240 3400 3700 
A 269 359 1700 1855 
B 167 178 500 500 
C 1453 1061 25 25 

 
3.2 Validation: May 2006 Tonga Earthquake 

and Tsunami 
On May 3, 2006 at 15:26 UTC (May 4, 04:26 local 
time) an earthquake with magnitude (MW) 8.0 [13] 
occurred approximately 100 km NE of Nuku’alofa 
along the Tonga Trench Subduction Zone (Figure 
3). The earthquake generated a small tsunami 
which was observed locally and in the far-field. 
Modelling using the ComMIT tsunami model was 
able to replicate the tsunami waves at both deep-
water DART stations and coastal tide gauges in the 
far-field [9]. 
 
We converted the USGS finite fault solution for 
earthquake slip distribution (Figure 3) into a static 
initial condition of sea floor uplift and used it to 
initialise a tsunami propagation model over a 1-
arcmin bathymetry grid. The results were then used 
as boundary inputs to the 3-level nest defined in 
ComMIT. The model results show a good fit to 
measured data (Figure 4) particularly with regard to 
the timing and amplitude of the initial wave and the 
overall decay of the tsunami energy suggesting a 
robust modelling methodology. While there is some 
mismatch in the timing of later wave peaks, this can 
be attributed to complex interaction with the 
bathymetry causing resonant frequencies that are 
not present in the numerical model. 

Nuku’alofa 

Tonga 
    Trench Tongatapu 

Vava’u 
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Figure 3 Epicentre location of the 2006 earthquake (black 
star). Colours indicate the amount of co-seismic slip (in 
meters) on the earthquake fault plane. 

 

 
Figure 4 Initial seafloor deformation (top left) and 
maximum computed tsunami amplitude (top right) in the 
vicinity of Tonga. (bottom) Comparison of measured (red) 
to modelled (black) water levels at the Nuku’alofa tide 
gauge for the 2006 Tonga earthquake tsunami. 

 
3.3 Tsunami Sources 
Tsunamis are caused by the vertical uplift or 
subsidence of the sea floor from an earthquake. The 
amount of uplift or subsidence is directly related to 
the magnitude of the earthquake with larger 
earthquakes causing more sea floor deformation 
over wider areas. To cover a range of earthquake 
magnitudes and source locations we incorporated 
the tsunami sources used in the SPC studies [2, 
described above] and shown in (Figure 5). 
 
In addition to the subduction zone thrust scenarios 
used in the previous studies, we also considered the 
effects of an outer-rise normal fault scenario. Outer 
rise earthquakes occur in the shallow crust of the 
subducting plate. These types of faults have steeper 
dip angles than the subduction zone thrust and as 
such, they produce a greater amount of sea floor 
deformation for a given amount of slip on the fault 
plane. The faults also have a sense of motion 
opposite to that of the subduction zone thrust events 
and generally cause large areas of sea floor 
subsidence. Outer rise faulting, while less common 
than subduction zone events, has been known to 
produce highly destructive tsunamis and was a  

 

 
 

 
 

 
Figure 5 Initial seafloor deformations used to initialise the 
tsunami hydrodynamic model 

significant component of the September 2009 
Tonga/Samoa earthquake [2]. For this study we 
considered a MW 8.1 and a MW 8.3 outer rise event 
occurring on a single 100x50 km fault plane. The 

Nuku’alofa 
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MW 8.3 scenario was chosen to be consistent in 
terms of magnitude with the other events while the 
MW 8.1 event was chosen to match the magnitude 
of the 2009 Samoa/Tonga event. 
 
3.4 Source Sensitivity Study 
The modelling study also included a sensitivity 
analysis focusing on the effect of the tsunami 
source location. As mentioned above, the Tongan 
archipelago is situated along to the Tonga Trench 
Subduction Zone, which is the boundary between 
the Pacific and Australasian tectonic plates and 
runs more than 3000 km from New Zealand to 
Samoa. Because tsunami energy is radiated most 
efficiently perpendicular to an earthquake’s strike 
direction (i.e. to the east and west for a fault line that 
runs north to south), Tonga’s proximity to the trench 
means that the tsunami hazard at any particular 
island is highly dependent to its location relative to 
the tsunami source zone. This effect is illustrated 
through a sensitivity analysis whereby we 
positioned ten identical tsunami sources along the 
trench and simulated the tsunami evolution through 
the region. 
 
4. Results 
The model results for the sensitivity study and the 
inundation assessment are described below. 
 
4.1 Sensitivity Study 
The results from the sensitivity analysis were 
assessed by extracting the modelled maximum and 
minimum tsunami amplitudes from a location close 
to Nuku’alofa and then normalizing by the overall 
maximum amplitude. These results were then 
plotted as a function of the source segment (Figure 
6). The result show that Tongatapu is most 
vulnerable to tsunami sources located directly east 
of the island and that tsunami height diminishes with 
distance to the north or south. While this is a well-
documented feature of near source tsunami in 
general [5], it is nevertheless important to illustrate 
in this context. Furthermore, one can easily see the 
difficulty in defining the hazard strictly as a function 
of earthquake magnitude since the location of the 
source relative to the site of interest plays a key role. 
In the framework of a probabilistic analysis, this is 
even more complicated in that earthquakes with 
identical probability of occurrence (i.e. equivalent 
magnitude events separated by a few hundred km) 
can correspond to probabilistically derived offshore 
tsunami amplitudes over a wide range of recurrence 
intervals. This is discussed further in Section 4.4 
below. 
 
4.2 Inundation Modelling 
For each source we ran the ComMIT model for 5.5 
hours of simulation time. Tsunami amplitudes and 
current speeds are computed throughout the 
computational domains with runup and inundation 
occurring only in the innermost domain. Overland 

flow depths are computed by differencing the 
tsunami height from the topographic elevation. 
Maximum tsunami amplitude and overland flow 
depth are presented in Figure 7 through Figure 10. 
 

 
Figure 6 Normalised tsunami amplitudes at Nuku’alofa as 
a function of tsunami source location. The right-hand 
panel shows the normalised maximum and minimum 
tsunami amplitudes for the source segments indicated in 
the left panel. The shaded pink area indicates one 
tsunami source. Each source was a 100 x 100 km fault 
plane with ~2.8 m average slip, roughly equivalent to a 
MW 8.0 earthquake. 

As discussed above, the inundation extents are 
sensitive to the details of the earthquake location 
and, as shown in the MW 8.3 scenarios, to the 
earthquake slip distribution. However, it is clear that 
due to the low-lying topography, the northern coast 
of Tongatapu is most vulnerable to tsunami 
inundation, particularly the villages on the north 
facing portion of the island to the east of Nuku’alofa 
(across the entrance of Fanga’uta Lagoon). These 
areas are shown to be inundated in scenarios when 
Nuku’alofa itself is relatively unaffected. With the 
larger magnitude events (MW 8.7 and 9.0), 
inundation along the Nuku’alofa waterfront is 
predicted for all scenarios, with the strongest effects 
occurring when the source is located directly to the 
east of Tongatapu. 
 
The results from the outer rise scenarios (Figure 10) 
suggest that an “ideally” located outer rise event 
would produce greater inundation than a subduction 
zone event of equivalent magnitude. The model 
results are consistent with observations from recent 
events, namely the 2006 MW 8.0 Tonga earthquake 
with produced only a small tsunami while the 2009 
MW 8.1 Samoa-Tonga event, which was primarily an 
outer rise event, caused a highly destructive 
tsunami in Samoa and northern Tongan Islands.
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Figure 7 Maximum tsunami amplitude (left) and overland 
flow depth (right) for the Magnitude 8.3 sources. 

 
4.3 Effect of Sea Level Rise 
The effect of sea level rise (SLR) is illustrated in 
Figure 11 for the MW 8.7 Central source. As 
expected, the inundation extends well inland of the 
shoreline position defined for each sea level. The 
results suggest that the northern coast of 
Tongatapu is most vulnerable to both tsunami and 
sea level rise and that the central southern parts of 
the island are least likely to be affected. 
 
4.4 Comparison to a Probabilistic Tsunami 

Hazard Model 
The model results are compared to the Australian 
probabilistic tsunami hazard (PTHA) model [3]. A 
hazard curve from the Australian PTHA for a 
location close to Nuku’alofa (Figure 12) was used to 
determine the recurrence interval for each of the 
simulations done in this study. The results, 
presented in Table 2, suggest that the scenarios 
tested here have recurrence intervals ranging from 
~20 to >14,000 years. This variability can arise from 
variation in the earthquake slip distribution, as 
shown in the MW 8.3 scenarios or variations in the 
source location as shown in the MW 8.7 and 9.0 
scenarios. While not explicitly tested here, the 
results also suggest that large magnitude events 

occurring far away could have similar 
probabilistically derived offshore amplitudes as 
smaller magnitude events occurring nearby, making 
results from a Probabilistic Tsunami Hazard 
Assessment (PTHA) difficult to interpret. 
 

 
Figure 8 Maximum tsunami amplitude (left) and overland 
flow depth (right) for the Magnitude 8.7 sources. 

 

 
Figure 9 Maximum tsunami amplitude (left) and overland 
flow depth (right) for the Magnitude 9.0 sources. 
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Figure 10 Maximum tsunami amplitude (left) and overland 
flow depth (right) for the outer rise sources. Magnitude 8.1 
(top) and 8.3 (bottom). 

 

 
Figure 11 Maximum tsunami amplitude (left) and overland 
flow depth (right) for the Magnitude 8.7 Central source at 
four sea level rise scenarios. 

 
Figure 12 Exceedance rate curve for 185.12° E, 21.09° S, 
30 km east of Nuku’alofa from the Australian PTHA [3]. 

 
Table 2 Annual recurrence interval (ARI, in years) for 
each tsunami scenario. 

Case 
Maximum 
Amplitude 

(m) 
Rate 
(1/yr) 

ARI 
(yr) 

Mw 8.1 OR 2.3 0.0007 1428 
Mw 8.3 OR 2.6 0.0006 1667 

    

Mw 8.3 A 0.7 0.0087 115 
Mw 8.3 B 1.0 0.0042 238 
Mw 8.3 C 1.1 0.003 333 
Mw 8.3 D 0.2 0.057 18 

    

Mw 8.7 N 0.8 0.007 143 
Mw 8.7 C 3.2 0.0004 2500 
Mw 8.7 S 0.8 0.007 143 

    

Mw 9.0 N 1.6 0.0015 667 
Mw 9.0 C 6.2 0.00007 14286 
Mw 9.0 S 1.5 0.002 500 

    

May 2006 
(MW 8.0) 0.1 0.14 7 

 
5. Summary and Conclusion 
We have conducted a deterministic assessment of 
tsunami inundation based on a range of subduction 
zone thrust earthquake sources occurring on the 
Tonga Trench. A total of 10 earthquake scenarios 
were tested with magnitudes (MW) ranging from 8.1 
to 9.0 with variation in the source location and/or slip 
distribution within each magnitude. Sensitivity 
testing showed the strong dependence on source 
location in predicting tsunami amplitudes at 
Nuku’alofa with the strongest effects associated 
with sources directly east of Tongatapu and falling 
off rapidly with distance north or south along the 
Tonga Trench Subduction Zone. Each scenario was 
run at present day mean sea level (MSL) and for sea 
level rise scenarios of 1, 2, 4 and 6 m above present 
day MSL. 
 
The model results suggest that the MW 8.3 
subduction zone events are not likely to cause 
significant inundation in Nuku’alofa under present-
day sea-level conditions although villages on the 
north-eastern coast of Tongatapu were inundated in 
three of the four MW 8.3 subduction thrust scenarios. 
However, modelling of an outer rise normal fault 
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source of equivalent magnitude produced greater 
inundation than any of the other MW 8.3 scenarios. 
 
For the MW 8.7 scenarios, extensive inundation is 
predicted to occur along the northern coast of 
Tongatapu under all of the scenarios (North, Central 
and South) with extreme inundation (flood depths of 
up to 10 m) predicted for the north eastern coast in 
the Central scenario. Only minimal flooding was 
predicted along the shores of Fanga’uta Lagoon. 
Unsurprisingly the MW 9.0 scenarios produced more 
extreme inundation over the three sources, again 
with the Central scenario producing the greatest 
inundation and flood depths. 
 
Probabilistically, when compared to the Australian 
Probabilistic Tsunami Hazard Model, the scenarios 
modelled here corresponded to recurrence intervals 
for offshore tsunami wave heights ranging from 18 
to >14,000 years. However, as we have shown, 
tsunamis caused by earthquakes with equivalent 
probability of occurrence, produce tsunamis, that 
according to a probabilistic tsunami hazard model, 
have recurrence intervals spanning orders of 
magnitude. This calls for caution in the 
interpretation and analysis of probabilistic tsunami 
hazard models by experienced practitioners. 
 
When sea level rise is considered, we see that the 
northern coast of Tongatapu remains most 
vulnerable to tsunami inundation while the western, 
southern, and eastern coasts remain relatively 
unaffected by tsunami inundation as sea levels are 
increased. 
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Abstract 
The future of hydrographic data is digital. The International Hydrographic Organization (IHO) has developed a 
new standard, S-100 Universal Hydrographic Data Model, designed to support a greater range of 
hydrographic-related digital data sources and products for safe navigation. This creates the opportunity for a 
global step-change for navigation and safety. Modernised international standards, new techniques, equipment, 
and the introduction of automated technologies have changed the way hydrographic data is collected, stored, 
processed, and released to users. These developments realise the great value of the New Zealand 
Hydrographic Authority’s (NZHA) marine geospatial data. Primarily the NZHA’s hydrographic data has been 
used for safety-of-life-at-sea (SOLAS) navigational products only. But increasingly, users of this data want it 
integrated with other relevant data such as tides and weather. The implementation of the S-100 Standard will 
make integration possible delivering a range of defined maritime services that go beyond the scope of 
traditional hydrography. The S-100 Standard is a framework document that is intended for the development of 
digital products and services for hydrographic, maritime and GIS communities. With the adoption and 
implementation of S-100, seamless, integrated data and messaging will be delivered in real time, providing 
shipping and associated services with in-time information to ensure safe navigation both through open ocean 
and the narrow confines of port environments. This will include sending and receiving information about the 
environment (e.g. tides, weather, ice and other hazards), sharing information about berthing and land-side 
services, and maximising the efficiency of ports, ships and landside transport providers. Once implemented, 
all maritime users operating in NZ waters will operate using the same dataset that is digitally and dynamically 
updated. 
 
 
Keywords: : hydrography, safe navigation, collaboration, opportunities. 
 
1. Background and opportunity for a global 

step change for navigation and safety 
 
Modernised international standards, new 
techniques, equipment, and the introduction of 
automated technologies have changed the way 
hydrographic data is collected, stored, processed, 
and released to users. These developments realise 
the great value of the New Zealand Hydrographic 
Authority’s (NZHA) marine geospatial data. 
Primarily the NZHA’s hydrographic data has been 
used for the International Convention for Safety of 
Life at Sea (SOLAS) navigational products only. But 
increasingly, users of this data want it integrated 
with other relevant data such as tides and weather. 
The implementation of the S-100 data model will 
make integration possible delivering a range of 
defined maritime services that go beyond the scope 
of traditional hydrography 1. The S-100 Standard is a 
framework document that is intended for the 
development of digital products and services for 
hydrographic, maritime and GIS communities.  
 
With the adoption and implementation of S-100, 
seamless, integrated data and messaging will be 
delivered in real time, providing shipping and 
associated services with in-time information to 
ensure safe navigation both through open ocean 
and the narrow confines of port environments. This 

 
1 See Appendix for the range of services that would be delivered 
to ships in future. 

will include sending and receiving information about 
the environment (e.g. tides, weather, ice and other 
hazards), sharing information about berthing and 
land-side services, and maximising the efficiency of 
ports, ships and land-side transport providers. 
Once implemented, all maritime users operating in 
New Zealand waters will operate using the same 
dataset that is digitally and dynamically updated. 
 

2. International agencies and our obligations 
 
New Zealand is a member of the International 
Hydrographic Organization (IHO), which has 
developed the new standard. It works to ensure that 
all the world’s seas, oceans, and navigable waters 
are surveyed and charted to support the safety of 
navigation and protection of the marine 
environment. The IHO issues good practice 
guidelines and international standards to maximize 
the collection and use of hydrographic survey data 
and develops hydrographic capabilities in member 
countries. 
 
The NZHA is the New Zealand authority responsible 
for collecting, managing, and sharing marine 
geospatial information for the New Zealand 
Exclusive Economic Zone (EEZ). The NZHA is also 
the primary charting authority for five Pacific nations 
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– Cook Islands, Samoa, Tonga, Niue and Tokelau. 
Changes in international maritime standards means 
electronic charts are essential for shipping to 
continue in all regions.  
 
 
 

Figure 1 Navigation products that follow the updated 
S-100 framework. 
 
Beyond 2030, all international trading vessels must 
carry S-100 compliant Electronic Chart Display and 
Information System (ECDIS) bridge systems. If New 
Zealand is unable to support and interface with the 
new S-100 compliant ECDIS bridge systems, then 
modern vessels visiting and traversing our waters 
may start to decrease. This will have several effects:   
 
• Decreased trade - New Zealand is likely to have 

increasing difficulty persuading shipping to visit 
as international vessels upgrade. 

• Risk to safety of navigation - New Zealand will 
not be able to take advantage of safety 
advances that the new standards will enable, 
with particular effect in sub-Antarctic waters and 
the Pacific. 

• Increased environmental risk - New Zealand will 
not be able to take advantage of other benefits 
of modern vessels, such as improved 
environmental performance, and reduced risk 
of hazardous events at sea that result in 
pollution events in New Zealand, the Pacific and 
Antarctica. 

3. Programme Janus 
 
Programme Janus represents an overarching, 
multi-year Programme which will encompass 
numerous initiatives to ensure the NZHA 
successfully embraces the future opportunities for 
itself and wide-ranging customers. 

 
Programme Janus will examine how a data-centric 
database could be achieved in order to hold 
hydrographic information as a product neutral data 
repository considering the new S-100 geospatial 
standard. A data-centric database is a collection of 
data that is stored once in a structured and 
standardised format and accessed and shared in 
multiple ways. 
 
To accomplish a data-centric database, aligned to 
S-100 principles, the database needs to be 
rationalised, optimised, and refocused around its 
data whilst ensuring there is no need to maintain 
unnecessary/superfluous information. The data-
centric approach will focus on the ‘single source of 
truth’ concept to store the data once and use it many 
times.  
 
The project, in overview, consists of a series of sub-
projects combining research, design and practical 
investigation aspects to help establish an optimal 
transition path, a road map and an implementation 
strategy to a data-centric production system based 
on S-100. The investigation stage will make use of 
a prototype new database based on the S-100 
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model. The tests will focus on the practical system 
design, data restructuring, and future product 
creation aspects. This will form a progression of 
activities for investigating a production system that 
aligns with the S-100 framework. 
 
The Sub-projects form the basis of several sprints 
which progressively design a new database, by 
defining new scale bands, generalisation operators 
and scaleless data while transforming the data 
holding into the new S-100 and standard and 
developing a new gridded Electronic Navigational 
Chart (ENC) schema. 
 
The approach for the investigation project is to 
measure and analyse each aspect of the database 
in the light of the requirements using automated 
tools. 
 
3.1 Define new scale ranges & compilation 

scales. 
 
The rationalisation of scale ranges is a common 
goal for any database reorganisation. The goal is to 
identify which scales need to be combined to 
facilitate the final S-101 (new standard for Electronic 
Navigational Charts) set-up and enable the required 
range of products to be created. This will increase 
the efficiency in chart production, enable product 
independence and seamless coverage and will also 
minimise data duplication.  
 
3.2 Scale independent data 
 
The determination of, and definition of, scale 
independent layers is the first major step towards a 
fully product independent database. Moving 
features to scale and product independent layers to 
organize spatial data will improve efficiency and 
vertical consistency, as these features only need to 
be managed, maintained, and edited only once.  
As per Programme Janus a particular focus will be 
on bathymetry and the constraints under which it 
can be included in the scaleless definition.  
 
3.3 Data recompilation & generalisation 
 
This sub-project will begin to populate the database 
with actual data according to the final scheming 
adopted. At this stage LINZ should begin to see the 
emergence of the product neutral database which is 
the data-centric goal of the development. 
Recompilation and generalisation will assess 
concepts under investigation and establish, if any, 
of the non-scaleless data can be generalised from a 
source at largest scale.  
 
3.4 Automation 
 
This workstream will collaborate with hydrographic 
systems/software vendors in order to improve the 
management of the change plan/schedule and to 

search for new concepts for the reorganisation of 
the data. This will allow easier and faster 
management of source data and faster creation of 
re-schemed ENCs with no or minimal human 
interaction. 
 
3.5 Derived Paper Chart products 
 
Hydrographic data producers are faced with the 
challenges of migrating to the new S-100 standard, 
whilst simultaneously managing an evolving paper 
portfolio serving a broader range of customers. This 
is being recognised by LINZ and a number of 
options will be considered for rationalisation and 
streamlining the paper chart production to support 
the national/international requirement. 
 
3.6 S-100 Standard & S-101 ENCs 
 
The process of transformation from the current S-57 
data model to S-101 in order to align with the new 
IHO S-100 standard is the main focus of this sub 
project. The approach will be driven by a data-
centric consideration of existing data with the help 
of automation, systematic validation and testing the 
outputs. 
 
3.7 Gridded ENC Schema 
 
This sub project will Introduce standardized, 
consistent, and seamless ENC schema. The goal is 
to move away from the intricate paper chart extents 
that the ENC were created from and to eliminate 
product specific data within the database. With a 
gridded ENC schema data overlaps will be 
minimised and data conformity will be improved on 
different scales which will improve horizontal and 
vertical consistency 
 
4. Summary  
 
LINZ, through the NZHA, is responsible for 
delivering Hydrographic Services and products to 
meet New Zealand’s obligations under the 
International Convention for Safety of Life at Sea 
(SOLAS).  The NZHA is embarking on work to 
implement the technical changes required to 
support a new Hydrographic geospatial standard 
being implemented by the IHO. This new standard, 
the S-100 Universal Hydrographic Data Model, is a 
framework to support the development of digital 
products and services for hydrographic, maritime 
and GIS communities. In the current production 
database, the hydrographic information is stored in 
‘S-57’ data format that primarily supports the 
production of the traditional paper charts. Although 
electronic navigational charts can be produced from 
this format the hydrographic database is not able to 
support the new S-100 data model and must be 
rebuilt to be more data centric and ‘product neutral’ 
in order to support new capabilities and services 
e.g. e-navigation. Implementation of S-100 is driven 
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by the impending implementation of the framework 
world-wide and therefore NZ’s need to ensure we 
are in alignment with international practice and 
operation regarding safe shipping and use of 
hydrographic data. Programme Janus is focused on 
the technical side of the solution and the 
development of a prototype to test solution 
feasibility.  
 

5. References  
 
[1] NZHA (2020), Preparing New Zealand for e-Navigation  

 

[2] NZHA (2019) Project Brief / Programme Janus 

 

 

 

151



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
BG-Flood: A GPU adaptive, open-source, general inundation hazard model 
Cyprien D. Bosserelle, Emily M. Lane, Alice Harang 

BG-Flood: A GPU adaptive, open-source, general inundation hazard 
model 

 
Cyprien Bosserelle1, Emily M. Lane1, Alice Harang1 

1 National Institute of Water and Atmospheric Research (NIWA), Christchurch, Aotearoa New Zealand; 
cyprien.bosserelle@niwa.co.nz  

 
 
Abstract 
Numerical modelling is a key tool for forecasting and assessing coastal, fluvial and intense rainfall inundation 
hazard. Inundation hazard, however, is usually driven by several factors such as storm surge, waves 
(setup/runup), rainfall and river flooding occurring at the same time. Simulating all these drivers at a relevant 
scale can be challenging and computationally intensive. To alleviate some of these challenges, we developed, 
BG-Flood (Block-adaptive, GPU capable, Flood model), a numerical model for simulating shallow water 
hydrodynamics on Graphics Processing Units (GPU) using adaptive quad-tree type mesh. The model is 
designed with the goal of simulating inundation from any flood driver (rainfall, river, storm surge or tsunami) 
where the quad-tree mesh is automatically generated and refined by the model using cartesian grids as forcing 
(i.e. for DEM, wind, rainfall). The model is designed to use various mesh refinement strategies allowing the 
user to guarantee high resolution in the area of interest without the need to manually manipulate the model 
mesh but also facilitate automation of model pre- and post-processing.  
 
Although the model is still under development, it offers an open-source solution to simulate inundation hazard 
seamlessly across multiple geographical scales. 
 
Keywords: Modelling, open-source, inundation, GPU, AMR. 
 
1. Introduction 
Physics-based numerical modelling is a key tool for 
forecasting and assessing inundation hazards 
whether from coastal drivers, fluvial floods or 
intense rainfall ([1], [18]). These physics-based 
models often solve the non-linear Shallow Water 
Equations (Saint-Venant Equations) or dispersion-
capturing models such as the higher order 
Boussinesq/Green-Naghdi Equations or non-
hydrostatic multi-layer versions of the Shallow 
Water Equations.  
 
While computers and model implementations have 
become more efficient, the widespread availability 
of high resolution (i.e. finer than 10m) Digital 
Elevation Models (DEM) drive demand for larger 
domains and finer resolution models [18].  In 
addition, there is a demand for running an 
increasing number of simulations for (1) covering a 
wide range of forcing to inform planning decision 
(e.g. adaptive planning), (2) testing the sensitivity of 
the model setup, (3) ensemble forecasting and (4) 
probabilistic assessments. There is therefore a 
strong pressure for models to become more 
computationally efficient and make the most of 
available computational resource.  
 
Modern inundation models are also expected to be 
capable of simulating several factors coinciding 
such as storm surge and waves (setup/runup), 
rainfall and river flooding occurring at the same 
time. This is particularly true for numerical models 
designed for coastal application. 

 
1 Ratio of active number of warps (group of threads) 
to the maximum available  

 
Simulating all these drivers at a relevant scale can 
be challenging and computationally intensive and 
even more so when combining these drivers in the 
same model. Several strategies can be applied to 
reduce the computation burden: 
 
(1) Optimise the number of grid/mesh nodes using 

flexible/unstructured mesh (typically made with 
triangle) or quadtree type mesh [13]. The 
solvers for these complex mesh layouts 
increase the computational cost per mesh 
node (when compared to simple Cartesian 
model) but allow to significantly reduce the 
overall number of nodes to accurately 
represent the flow dynamics. However, 
designing unstructured mesh can require a 
significant user input. 

(2) Offload all or part of the computation to 
Graphics Processing Units (GPU), which 
involve a redesign of the model memory layout 
to optimise the occupancy1 of the GPU. These 
initiatives are becoming common in research 
code (e.g. LISFLOOD-FP [15]) and have since 
been integrated to commercial models such as 
TUFLOW [12] and Mike 21 [8]. However, it is 
uncommon in community or open-source 
models.   

(3) Simplify the solution by using implicit solver 
and/or neglect terms in the equation (i.e. 
reduced physics). While these simplifications 
lead to great reductions in computational cost 
they can also lead to inaccuracies or even 
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aberrant results when used outside the validity 
of these assumptions [9] and may be 
undesirable for coastal application. 

 
Unfortunately, there only exist few examples of 
open-source tools that include optimised grid layout 
mesh with computation performed on the GPU.   
  
This article describes BG-Flood (Block-adaptive, 
GPU capable, Flood model), a numerical model for 
simulating shallow water hydrodynamics on GPU 
using adaptive quad-tree type mesh (Figure 1). The 
model is designed with the goal of simulating 
inundation from any flood driver (rainfall, river, 
storm surge or tsunami) on an optimised mesh that 
is automatically generated and refined by the 
model using cartesian grids as forcing (i.e. for 
DEM, roughness, wind, rainfall). 

 

The model core principals are briefly described in 
Section 2, Section 3 shows the model validation to 
three benchmark tests and section 4 gives two 
inundation examples, and shows the use of a simple 
and yet efficient mesh refinement strategy. This 
allows the user to guaranty high resolution in areas 
of interest without the need to manually manipulate 
the model mesh but also facilitate automation of 
model pre- and post-processing. 
 
2. BG-Flood Model description 
BG-Flood simulates inundation by solving the 
shallow water equations (also referred to Saint-
Venant Equations). BG-Flood borrows the open-
source finite volume method that is part of the 
Basilisk framework [14] that solves the full Shallow 
Water Equations. However, the memory model is 
modified to follow the Block Uniform Quadtree 
(BUQ) implementation of [19]. 
 
The model interface is through a simple text file that 
BG-Flood reads upon start up. While not as 
engaging as a graphical user interface the text 
document is a good compromise for a human 
readable file that can also easily be automatically 
generated from scripts.  
 

2.1 Cartesian Input forcing 
Input for spatially varying forcing (DEM, wind, rain) 
is done through one or more Cartesian grids. In 
case of DEM, the first grid given to the model is used 
to initialise the computational mesh, other grids are 
used to describe the DEM at finer resolution and to 
calculate elevation at refined mesh nodes. 
 
2.2 Computational mesh: BUQ mesh 
BUQ meshes are a compromise between Cartesian 
grids (easy to optimise for GPU) and quadtree 
meshes (difficult to optimise for GPU). In a BUQ 
mesh, there is a quadtree structure that is made up 
of smaller Cartesian blocks. Each block contains the 
same number of nodes (e.g. 8x8) but each block is 
not necessarily at the same resolution. In an 
adaptive BUQ mesh, a block can be divided into four 
child blocks each with half the resolution of the 
parent block (see Figure 1). Each resolution 
corresponds to a level of refinement where: 
 

𝑑𝑑𝑑𝑑 = 𝑑𝑑𝑑𝑑0 × 2−𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙     (1) 
 
where dx is the effective resolution for the block, dxo 
is an arbitrary reference resolution and level is the 
level of refinement relative to the reference level 
(level 0). This formulation allows for using negative 
(or positive) levels when the level is coarser (or finer 
respectively) than the reference resolution.   
BG-Flood automatically generates the BUQ mesh 
used in the computation by the following process: 
 

(1) Generate an initial cartesian grid with a size 
proportional to the number of elements per 
block and an initial resolution (Equation 1) 

(2) Generate BUQ mesh from cartesian grid at 
an arbitrary initial level  

(3) Calculate initial (water level) condition  
(4) Iterate a finer/coarser adaptive strategy 

(Figure 1) until convergence  
(5) Recalculate initial condition  

 
2.3 Roughness formulation 
Three friction formulations are available: Quadratic, 
Manning and Smart [16] formulation. The Manning 
formulation is available for compatibility with other 
models, but the Smart formulation is recommended 
for shallow flow.  
 
2.4 Limitation 
The model formulation is subject to the typical 
dispersive property of the Shallow Water Equations. 
 
Reconstruction of the second order term can lead to 
spurious velocities in shallow flow over steep 
topography. To limit this issue the model uses the 
Buttinger et al. [5] formulation. 
 
3. Validation  
The core engine of BG-Flood is borrowed from the 
Basilisk framework [14] and has been previously 
verified using standard benchmarks. Below 

 
Figure 1 Example of BUQ grid with 8x8 cells blocks and 2 
resolution levels 
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benchmarks are provided for confirmation that BG-
Flood produces accurate results for typical 
inundation applications. 
 
3.1 Tsunami – Monai Valley benchmark  
The “Monai Valley benchmark” is well known and a 
standard tsunami benchmark recommended as part 
of model validation and verification. The benchmark 
is a laboratory model closely resembling the actual 
bathymetry and topography of the Monai Valley in 
Okushiri Island, Japan, where the 1993 tsunami 
resulted in extreme runup. The laboratory 
experiment reproduces the extreme runup at 1/400 
scale. A description of the model is given in [17]. 
 
BG-Flood can reproduce the benchmark wave 
accurately at the 3 nearshore gauges (Figure 2) 
although, as with other shallow water equation 
models, it does not reproduce some of the high 
frequency features of the wave. 

 
Figure 2 Comparison of BG-Flood against the Monai 
Valley benchmark. The black line shows the measured 
values and the red line the simulated results. 

 
3.2 Tsunami Currents – Tauranga Tohoku 
Observations of the 2011 Tohoku tsunami reaching 
Tauranga harbour provide an excellent validation 
benchmark for simulating tsunami induced currents. 
The benchmark is fully described in [2] and [3].  
 
The setup for this benchmark is similar to the 
Benchmark problem 3 from [7]. The bathymetry has 
been rotated so that the shore is parallel to the top 
boundary which is forced with the Beacon A tsunami 
record. The incident waves correspond to the 

complete signal and include both the tsunami and 
the tide signal. 
 
BG-Flood adequately reproduces the water levels 
and velocity magnitudes from the ADCP location 
(Figure 3). While this test validates the use of 
Shallow Water Equations for simulating tsunami 
propagation in harbours and estuaries it is also a 
verification for the non-reflecting model boundaries. 
Given that the forcing boundary is relatively close to 
the shore and observation point, a reflected wave at 
the boundary or a faulty implementation would 
result in a quick contamination of the domain by 
reflections. 
 

 
Figure 3 Tauranga Harbour entrance ADCP during the 
2011 Tohoku tsunami. The black line shows the 
measured observations and the red line the simulated 
results for water level (top panel) and velocity magnitude 
(lower panel). 

3.3 Rainfall Over a Two-dimensional 
Experimental Catchment 

The laboratory experiment of [6] is used to assess 
the model performance for shallow water flow 
generated by uniform rainfall on an arbitrary V 
shape basin with walls on the slopes. The model 
results for case C1 are presented in Figure 4. 
 
The experiment presents several challenges with 
experimental variables that are difficult to constrain 
and cannot easily be included in the model (leaky 
nozzles, surface tension in very shallow flow and 
how the experiment achieved rainfall uniformity). 
Therefore, a perfect comparison between the model 
and experimental results is not expected here. In 
fact, the experiment results show oscillations in the 
flux outlet due to natural oscillations occurring in the 
experimental basin. These oscillations offer a great 
challenge for model to capture.  
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Figure 4 Cea et al. [6] experiment for 2D rainfall runoff 
tests. Experiment C1 (a) and experiment C3 (b).  

BG-Flood accurately captures the outlet hydrograph 
of the experiment. The model also captures the 
amplitude and period of the oscillation in the flux 
suggesting that it also captures the oscillation of the 
basin upstream. This feature is missed in some 
model (e.g. [6] and [21]) 
 
4. Examples of realistic configurations 
BG-Flood adaptive mesh capability is demonstrated 
using two examples of inundation: modelling the 
effects of the 2009 South Pacific Tsunami in South-
East Upolu Samoa and a river flood in the Waikanae 
Catchment in Kāpiti Coast of New Zealand 
coinciding with a high storm-tide level. In each 
model, the mesh refinement is guided by results 
from an initial coarse scale cartesian model. 
 
 
 
 
 

Table 1 Table of the adopted fault parameters for the 
three potential rupture scenarios of the 2009 South Pacific 
Tsunami 

 
2 using the Julia Tsunami package see: 
https://github.com/CyprienBosserelle/Tsunami.jl 

4.1 2009 South Pacific Tsunami in Samoa 
Regional tsunami inundation can be challenging to 
simulate because it requires a high resolution for the 
inundation area of interest but also a sufficiently 
large computational domain to capture the offshore 
tsunami wave evolution. In this example, we 
simulate the generation and propagation of the 
2009 South Pacific Tsunami (SPT) and focus on 
inundation on the south-east coast of Upolu in 
Samoa where runup levels were the greatest. 
 
4.1.1 Datasets 
The 2009 SPT was initiated by a complex 
earthquake that involved rupture on multiple faults 
in the subduction zone and on the outer rise. In this 
simulation, we model the tsunami generation using 
three surface deformation patches corresponding to 
different regions of fault rupture that occur 
sequentially. This scenario was initially modelled in 
[4] based on results from [10] (Table 1). The model 
is driven by 3 DEMs: a 250 m downscaled GEBCO 
bathymetry of the South Pacific (), a 50 m DEM of 
the Samoa region created by merging the GEBCO 
bathymetry, multi-beam survey and 
bathymetry/topography LiDAR; and a 10 m DEM of 
the South-East Upolu created by combining LiDAR 
topography and multibeam bathymetry. 
 
For each rupture segment a deformation field is 
created using the 1985 Okada deformation 
algorithm [11]2. 
 
4.1.2 Iterative refinement 
The complex behaviour of tsunami waves including 
refraction, reflection, and resonance, can often lead 
to high runup in unexpected places. It is therefore 
difficult to estimate areas where the model will 
require higher resolution or where coarser grid cells 
may be suitable without first running the model. 
Additionally, high resolution may be needed in 
different locations at different times, as when a 
tsunami wave crosses the Pacific Ocean. Ideally, in 
this case, the resolution of the grid follows the wave. 
In this example we first run the model at a medium 
resolution of 500 m and use the offshore wave 
height from this simulation to guide our refining 
criteria. Our area of interest (South-East Upolu) is 
also used to constrain the highest level of 
refinement.  
 

Rupture 
segments 

Length / Width 
(Km) 

Strike/Dip/Rake 
Angle (Deg) 

Slip (m) Centroid of Rupture 
Depth Long. Lat. 

Rupture Timing 
Start / Rise Time 
(s) 

1 130 / 50 324 / 65 / -85 10.2 18.0 / 172.0 / -15.5 3.0 / 60.0 
2 50 / 50 175 / 29 / 90 4.7 18.0 / 172.4 / -16.0 49.0 / 40.0 
3 50 / 50 180 / 29 / 90 4.7 18.0 / 172.4 / -16.0 90.0 / 40.0 

a 

b 
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Figure 5 shows the refined mesh at the regional 
scale and Figure 6 shows the mesh at the South-
East Upolu scale. 

 
Figure 5 Modelling of the 2009 SPT at the regional scale. 
The BUQ mesh shows different levels of resolution in 
different areas of the domain. Maximum wave height for 
the modelling is shown in shading over the ocean. The 
red square corresponds to the domain in Figure 6. 

The adaptive model runup (Figure 5) gives similar 
results to the traditional nested model method [4]. 
The overall refined mesh simulation was also 
significantly faster at 3.5 h compared to the 6 h 
required for the nested run from [4]. The adaptive 
mesh also followed a strict rule that ensures there is 
only one level of refinement between neighbouring 
blocks. Meanwhile the nested simulation [4] jumps 
from 250 m resolution to 50 m and then to 10m. This 
could explain the lower runups from [4]. 
 
4.2 Waikanae River Flood 
Many of the NZ rivers traverse the low-lying coastal 
plain before reaching the ocean. If the flood peak is 
of short duration and coincidse with low tide, a 
significant flood can have little consequence, 
whereas if the same flood coincides with a high tide 
or a high storm tide, the impact can be much 
greater. In this example we simulate an arbitrary 24 
h flood event on the Waikanae catchment with the 
peak of the flood reaching the outlet at low tide. In 
order to adequately represent the elevation of stop-

banks along the river in the model, the mesh 
requires a high-resolution (~5 m). 
 
 
 
4.2.1 Iterative model 
For this example, a script was used to first simulate 
the model on a simple coarse cartesian mesh (i.e. a 
BUQ mesh with a single level). Using simple 
arithmetic operations, the area of maximum flood 
extend was extracted and used to produce a target 
refinement levels grid to guide BG-Flood in the 
creation of a finer grid. 
 
The DEM input to the model in all simulations is a 
4.5 m DEM constructed from the regional LiDAR. 
The roughness map is a roughness length 
calculated from the raw LiDAR point cloud and 
gridded on a 4.5 m grid with the same extent as the 
DEM. 
 
The initial coarse 50 m resolution mesh is 
automatically constructed by BG-Flood using the 
4.5 m DEM and inputs are automatically 
recalculated for that mesh. Results of the coarse 
simulation are quickly obtained (8 min simulation 
time on a mid-range Quadro P620 GPU). Maximum 
flow depth at the end of the simulation is used as a 
fag for a level 4 refinement (flood extend as well as 
river bed location) as well as the shallow depth (less 
than 0.5 m) at the start of the simulation (nearshore 
area). This step is done using a single command to 
the grdmath module of the Generic Mapping Tools 
(GMT) [20]. Using the target level BG-Flood 
constructs the BUQ mesh with level 4 blocks (5 m 
resolution) on the expected flood area and shoreline 
gradually coarsening to level 0 (80 m resolution) 
away from the flood area. 
 
Final simulated flow depth and block layout are 
presented in Figure 7 for the lower part of the river 
and for a specific section of the river in Figure 8. The 
outlines of blocks have also been drawn to show the 
result of the automatic mesh refinement, each block 
containing 16x16 cells in this example. 
 
In the model setup the strategy for refining the mesh 
used an initial iteration to select the interesting part 

Figure 6 Close up runup modelling for the South East coast of Upolu. Only highest-level outputs (level 4) 
are shown. 
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of the model where the final model requires its 
highest refinement. The target level grid created 
from the coarse model results could be created 
using more complex strategies depending on the 
user requirement. It is easy to imagine a mesh with 
an even finer level of refinement where the flow 
velocity or water depth exceed a certain threshold. 
  

 
Figure 7 Model block outline (gray squares) and 
maximum flow depth (shading) for the lower part of the 
Waikanae River 

 
Figure 8 Model block outline (gray squares) and 
maximum flow depth (shading) for the lowest part of the 
Waikanae River. 

5. Summary 
BG-Flood is a numerical model for simulating 
shallow water hydrodynamics on the GPU using an 
BUQ adaptive mesh. The model is open source 
(C++/CUDA C++) and free and can be used for a 
range of coastal, river and rainfall flooding. The 
model is still in early stage of development but is 
already potentially useful for practitioners for 
simulation of flood near the coast. 
 
While this article presents a selected number of 
benchmark verifications of the model, a full set of 
verification is being prepared for the model 
repository as well as a collection of internal tests for 

continuous testing. The continuous testing can be 
used to give confidence for novice developers that 
their customisation of the code doesn’t adversely 
affect the model accuracy/performance. 
 
The code and Windows executable are publicly 
available at: 
https://github.com/CyprienBosserelle/BG_Flood 
 
Code documentation and wiki are available at: 
https://bg-flood.docsforge.com/ 
 
Users are also encouraged to submit comments 
and request to the GitHub page. 
   
6. Future developments  
The model development is currently focused on 
creating internal test and eradication of unwanted 
behaviours. In the next months the model 
development will also focus on: 

• Adaptive mesh during simulation 
• Optimisation of GPU kernels 
• 1D Flow structures (bridges and culverts) 

 
Long-term development goal may also include: 
 

• Multi-layer non-hydrostatic equations for 
tsunami and wind waves 

• Group resolving wave forcing 
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Abstract 
 
The bulk carrier Shen Neng 1 ran aground on Douglas Shoal in the Great Barrier Reef Marine Park in April 
2010. At over 40 hectares, this is the largest ship grounding scar known in the Great Barrier Reef, and possibly 
the largest reef-related grounding in the world. Challenges for assessment of the site included its large scale 
and the remote nature of Douglas Shoal coupled with its high exposure to wind, wave conditions and fauna 
that may pose safety hazards. Marine surveys used multiple and novel methods including sediment sampling 
combined with visual and acoustic survey techniques. 
 
Site assessment investigations involved examination of the marine survey data in context of background 
environment, previous investigation results and relevant guidelines. Analysis showed that almost ten years 
after the grounding, contamination from the ship’s antifouling paint and physical damage from the ship dragging 
across the shoal, remain as impediments to natural recovery. The assessment delineated remediation priority 
areas and reduced uncertainty regarding the spatial distribution of contamination and physical damage. Such 
results are expected to support improved efficiency and effectiveness in remediation activities. 
 
Keywords: reef remediation planning, survey technologies. 
 
1. Introduction 
The bulk carrier Shen Neng 1 ran aground on 
Douglas Shoal in April 2010 and remained on the 
shoal for 10-days before being re-floated (Figure 1). 
Inability to secure the vessel after the initial 
grounding allowed the vessel to drag across the 
shoal. The vessel suffered significant underside 
plate damage and paint loss, including antifouling 
paint (AFP) containing tributyltin (TBT). An 

estimated 3 to 4 tonnes of heavy fuel oil was lost [3]. 
Physical contact between the vessel and the shoal 
created rubble which is unlike natural sediments. 
The rubble smothered the shoal substrate, filled 
natural depressions and reduced habitat diversity. 
   
Other large grounding events recorded in the Great 
Barrier Reef Marine Park (GBRMP) include the 
Bunga Teratai Satu in 2000 and the Doric Chariot in 

Figure 1 Location of Douglas Shoal. The main inset (top right) indicates the passage of the Shen Neng once grounded. 
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2002, each distant from Douglas Shoal and with a 
grounding footprint of less than half a hectare. The 
grounding footprint of Shen Neng 1 was about 42ha, 
which is the largest known in the Great Barrier Reef, 
and possibly the largest coral reef-related direct 
shipping impact in the world. 
 
The Great Barrier Reef Marine Park Authority (the 
Authority) established the Douglas Shoal 
Remediation Project in 2016 with funds from an out-
of-court settlement associated with the grounding. 
The primary objective of the Project is remediation 
that supports natural recovery of the shoal.  
 
Assessment of the site is a key step in remediation. 
It focused on identification of the key concerns for 
natural recovery of the shoal, primarily AFP 
contamination and physical damage, and 
delineation of remediation priority areas. This paper 
provides an outline of the site assessment 
undertaken in 2018 and 2019, including the 
challenges faced, how these were addressed and 
outcomes for remediation planning. 
 
2. The site and assessment challenges  
Douglas Shoal is situated within the southern region 
of the GBRMP, approximately 90km east of 
Yeppoon and has a subtropical climate. It is a non-
biogenic, ‘submerged shoal-reef’ [7] located on the 
widest section of the GBR’s continental shelf. It is 
large (5,180ha [3]), solitary, wholly sub-tidal, and 
elongated east–west. The western section of the 
shoal is the dominant morphological feature, rising 
some 45m from the mid-shelf floor to a relatively low 
relief reefal-shoal top (10 to 15m below MLW).  
 
Elevated wind and waves frequently impact 
Douglas Shoal with little protection from these 
forces from adjacent and nearby shoals and reefs. 
The significant wave height (Hs) at Douglas Shoal 
ranged from 0.3 to 4m over measurements taken in 
2019 and the wave direction was predominately 
from the east north-east to south-east, mirroring the 
prevailing wind direction. Tidal depths measured in 
January 2019 varied by 4m during spring tidal flows 
and by 2.8m during neap tidal flows.  
 
The strongest wind and wave conditions at Douglas 
Shoal are associated with the passage of Tropical 
Cyclones (TC). Between 1969 and 2018, 17 
cyclones passed within 200km of Douglas Shoal. 
Given the open nature of the ocean surrounding 
Douglas Shoal, cyclones passing at a distance can 
adversely affect shoal conditions e.g. TC Oswald 
(January 2013) and Severe TC Marcia (February 
2015) generated 7-8m waves at Douglas Shoal. 
The passage of cyclones is likely to be a significant 
driver of rubble and sediment movement. 
 
The presence of potentially dangerous sharks at 
Douglas Shoal has been identified on several 

occasions and it is unfortunately notable that a 
shark-related human fatality occurred in 2020 on 
North-West Island Reef about twenty kilometres 
from Douglas Shoal. 
 
In addition to difficult site conditions, lack of data for 
the shoal challenged the delineation of priority 
areas. No site-specific data was available regarding 
the pre-grounding condition of the shoal to support 
description of habitat and change in response to 
natural events. Limited comparable information was 
available from investigations undertaken 
immediately after the grounding in 2010 [6] to 
enable analysis of change over time with respect to 
contamination or physical damage at the shoal. 
 
3. Approach 
3.1 Overview 
Given the large area requiring survey (over 42ha) 
and the remote and exposed nature of the shoal, 
field planning required consideration of usable 
weather and tidal windows and applied flexible and 
adaptable survey techniques to minimise in-water 
time for the survey team. Marine surveys used 
multiple and novel methods (refer below) to deliver 
various data inputs for analysis. 
 
Targeted fieldwork was executed in 2019 to provide 
information on physical damage and contamination:  
  
• Diver-assisted sediment sampling at 237 

georeferenced sampling locations conducted 
over a 17-day period in March 2019  

• Visual and acoustic survey including multibeam 
sonar and acoustic sub-bottom profiling, drop 
camera and towed underwater video survey 
conducted within a 15-day period in May and 
June 2019.   

 
Field data was considered in context of sediment 
and water quality guidelines (National Assessment 
Guidelines for Dredging (NAGD [2]) and Australian 
and New Zealand Guidelines for Fresh and Marine 
Water Quality (ANZG 2018 [1])) along with 
information relating to the background environment 
and previous investigations (Figure 2). 
 

 
Figure 2 Priority remediation area delineation. 
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3.2 Novel techniques 
Immediately following the grounding incident in 
2010, rubble accumulation was identified by diver 
survey (Figure 3). As such, sonar survey techniques 
were included as part of the 2019 field survey to 
provide efficient and effective bottom profiling 
coverage across the entire grounding area. Sonar 
survey was undertaken to refine remediation priority 
areas by investigating:  
 
• Bathymetric profile of the target areas  
• Location and physical attributes of substrate 

and sediment type in the target areas.   
 

 
Figure 3 Rubble banks observed during investigations 
undertaken immediately after the grounding in 2010 [6]. 

The sonar survey included Multibeam sonar and 
Sub-Bottom Profiling (SBP) survey. Multibeam 
sonar survey was undertaken across an area of 
approximately 200ha, encompassing the priority 
remediation areas and reference sites, while SBP 
survey was undertaken across a subset of smaller 
target areas, albeit the results from the SBP survey 
were ambiguous due to lack of acoustic penetration  
difference across the survey areas. 
 
Multibeam sonar uses multiple sound signals to 
map a swath of the sea floor. Sound pulses are 
transmitted to the sea floor and the characteristics 
of the returning pulses enable generation of 
bathymetry and backscatter data. Both the 
bathymetry and backscatter data provide different 
insights into changes occurring through time. 
 
Bathymetry data was used to derive the bathymetric 
profile of the target areas. The slope magnitude of 
the seabed was also derived from the bathymetry 
data, and enabled consideration of ‘flattening’ of the 
seabed. These datasets were used to identify areas 
potentially impacted by the grounding and were also 
compared with bathymetry data collected 
immediately after the grounding to understand 
possible change over time.  
 

Backscatter data is commonly used to describe sea 
floor hardness and surficial sediment characteristics 
[5]. Angle-Range Analysis (ARA) uses backscatter 
data to analyse sea floor substrate geometry. The 
ARA technique was derived from investigations [4] 
and examines the intensity of the backscatter data 
and correlates this to different types of seabed 
substrate.  
 
For the backscatter data gathered at Douglas Shoal 
Angle-Range curves were developed for different 
areas of the seabed and then compared to 
empirically derived responses of the seabed for 
different sediment types as defined in a model [8]. 
Using this relationship, the backscatter data was 
used to map the sediment characteristics across the 
survey area.  
 
A novel method was applied whereby the 
backscatter data-based mapping was correlated 
with sediment particle size distribution and habitat 
characterisation data gathered in field by divers and 
through underwater video survey respectively, to 
delineate areas of rubble present on the shoal. 
 
4. Results 
4.1 Habitat on the shoal 
The site assessment showed that while Douglas 
Shoal does not comprise a complex benthic marine 
habitat, there is habitat diversity (Figure 4 and 
below).  
 
Habitat areas of the Low Relief Terrace of the shoal 
include:  
  
• Undulating expanses of densely covered 

(predominately macroalgae) hard reef substrate 
with occasional sandy patches  

• Channels or gutters containing large pieces of 
dead coral or coarse sand with gently sloping 
sides  

• Flat expanses of low relief corals with minimal 
sediment  

• Holes containing sand or dead coral fragments 
with densely inhabited steep walls.  

 
The High Relief Terrace to the north and north-west 
of the shoal contains more complex features:  
 
• Spur and groove outcrops with moderate coral 

cover rising several metres from the sea floor  
• Deep channels with large fragments of broken 

coral and coarse sand with sparse tufts of 
macroalgae growing within the sediment. 
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The surveyed area of the Low Relief Terrace 
consists of large expanses of turf algae on rock 
(32.6%), macroalgae growing predominately on 
rock (38.5%) and hard (3.8%) and soft coral (2.0%) 
growing on rock, areas of grounding related rubble 
(10.2%), dead coral fragments (~1%) and sand 
(9.3%).  
 
Natural sediment and rubble is not a dominant 
component of the substrate, nor is it uniformly 
distributed across the surveyed area of Douglas 
Shoal. It is typically located in depressions as 
patches in undulating areas and in channels, gutters 
and holes. The depth of sediment is limited, ranging 
from 5mm to 400mm, and averaging 73mm. 
 

4.2 Habitat changes 
Data collected from underwater video survey were 
qualitatively compared with data from surveys 
immediately after the grounding in 2010. Both 
surveys found low cover of hard coral (<8%) and 
high abundance of macroalgae and ‘bare’ reef 
pavement adjacent to the grounding footprint on the 
Low Relief Terrace of the shoal.   
 
Comparison of 2019 survey benthic habitat data 
from inside and outside the grounding footprint 
showed that outside the impacted areas, hard and 
soft coral, macroalgae, turf algae on rock, sand and 
other benthos were more abundant. The impacted 
areas were characterised by having very high cover 
of rubble. Closer examination of the benthic groups 
shows the cover of rubble is highest inside the 
impacted area in Priority Area F (47.9%), followed 

Figure 4 Field survey and habitat types at Douglas Shoal. 
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by Priority Area C (23.5%), Area E (31.4%) then 
Area A (10.4%) (refer Figure 4). It is considered 
likely that the grounding caused habitat changes on 
the shoal including the replacement of areas of ‘turf 
algae on rock’ and areas of ‘sand’ with ‘rubble’. 
 
The appearance of the rubble does not appear to 
have changed significantly since the grounding and  
remains obviously different (coarser, more angular, 
and typically without encrusting organisms) to the 
natural sediments found in reference or unaffected 
areas; however, some areas of rubble do support 
benthic organisms and have consolidated over time.  
 
It appears that some areas of substrate smothered 
by rubble immediately after the grounding in 2010 
had by 2019 been exposed with westward 
movement of rubble over time. Undulating substrate 
found in these areas was devoid of algal growth; 
however, newly exposed areas may support the 
settlement and growth of coral recruits and other 
benthos. 
 
4.3 Contamination  
Initial surveys in 2010 found large smears and 
flakes of paint were present on the shoal. As these 
flakes broke down ‘new’ layers of AFP paint were 
exposed providing fresh sources of TBT. Field 
investigations undertaken in 2019 indicate that 
significant breakdown of AFP particles has occurred 
since the grounding, with no visible AFP particles 
identified.  
 
Analysis of sediment samples taken during the site 
assessment focused on the constituents of AFP, 
particularly copper and TBT. A staged assessment 
process was applied as set out in the NAGD with 
laboratory analysis results compared to NAGD 
screening levels and the 95th and 99th % species 
protection default guideline values outlined in the 
ANZG (2018) [1]. Where sediment concentrations of 
total or potentially bioavailable metals and 
normalised TBT were near or above the NAGD or 
ANZG guidelines, these samples were flagged for 
elutriate testing and the results of this testing were 
then compared to the ANZG 99% species protection 
level.  
 
Contamination of sediments exists primarily within 
part of the previously identified Priority Area A and 
is principally associated with TBT (Figure 5).  
 
The assessment identified that sediments are not 
well mixed, with contamination typically associated 
with remnants of AFP flakes in fine sediment. 
 
 

 
Figure 5 Results of contamination survey in 2019. Mean 
concentrations of tributyltin (±standard error) by sub-area 
(ANZG (2018) [1] default guideline value of 9 µg Sn/kg is 
displayed as a dashed line). 

 
Due to the limited nature of previous investigations 
direct comparison of contamination analysis was 
not able to be made; however, it is likely that the 
extent and level of contamination has reduced at the 
grounding site over time, with contributing factors to 
reduction including exposure to erosive forces (e.g. 
ocean currents and waves) through normal 
conditions and extreme weather events. 
Notwithstanding this, investigation of TBT 
persistence show it is likely to be a considerable 
time before TBT ceases to be a contaminant of 
concern in Priority Area A. 
 
4.4 Physical damage 
The rubble is different from naturally occurring 
sediments as it is coarser, more angular, and 
typically without encrusting organisms (coralline 
algae or turf algae, encrusting sponges or coral).  
 
In identification of areas of rubble, good 
correspondence existed between the independently 
acquired data sets i.e. data derived from sonar 
survey, sediment particle size distribution data and 
habitat characterisation data (Figure 6).  
 
The analysis also shows that unconsolidated rubble 
has moved over time, generally in a westerly 
direction, and affected habitat on the shoal beyond 
the grounding footprint. Further analysis indicates 
some locations where the rubble has filled (partially 
or completely) natural depressions which has 
altered habitat complexity on the shoal.   
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5. Priority areas for remediation 
The site assessment investigations show that 
almost ten years after the grounding incident 
contamination and physical damage remain as 
potential impediments to natural recovery, albeit 
their significance within the survey area may have 
diminished over time. The investigations supported 
delineation of priority areas for remediation as 
follows (Figure 7):  
 
• Remediation priority for contamination in part of 

Priority Area A: 
o Moderate priority assigned where analysis 

shows concentrations of contaminants in 
sediment above default guideline values for 
ecosystem protection 

o High priority assigned where, in addition to 
the above, disturbance of the sediment is 
likely to release water with concentrations 
of contaminants above default guideline 
values for the protection of a high ecological 
or conservation value system.  

• Remediation priority for persistence of rubble in 
part of priority areas C, E and F: 
o High priority assigned where analysis 

shows most substrate is rubble 

o Moderate priority assigned where analysis 
shows rubble is a significant part of the 
substrate. 

 
Other areas within the grounding footprint, including 
the remainder of areas A, C, E and F (Figure 7) were 
not considered to represent a priority for 
remediation as there is insufficient evidence to show 
that natural recovery of the shoal is significantly 
impeded by any ongoing influence of the grounding 
in these areas.    
 
The total area identified through the site 
assessment as being of high and moderate 
remediation priority for physical damage and 
contamination (9.8 hectares) is less than the 
previously identified grounding footprint and 
estimates of the area of potential remediation 
priority.  
 
6. Conclusions 
The assessment team overcame the site-specific 
challenges such as the large scale of the grounding 
and the remote and exposed nature of Douglas 
Shoal through effective planning, including the use 
of multiple and novel techniques. Lessons were 
learned including with respect to application of 
specific fieldwork and analyses approaches.   

Figure 6 Rubble distribution across the priority areas. 
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The assessment delineated remediation priority 
areas and reduced uncertainty regarding the spatial 
distribution of contamination and physical damage. 
This is expected to support improved efficiency and 
effectiveness in remediation activities. Assessment 
outcomes underscore the importance of effective 
and comprehensive planning as the foundation of 
large-scale marine remediation activity.   
 
7. Acknowledgements 
The involvement of the following team members in 
the site assessment of the Douglas Shoal ship 
grounding is gratefully acknowledged; Authority and 
Advisian Project teams, Dr Paul Erftemeijer 
(DAMCO Consulting Pty Ltd), Doug Bergersen 
(Acoustic Imaging Pty Ltd), Subsea Pty Ltd, Geo 
Oceans Pty Ltd and Rob Benn Holdings Pty Ltd. 
 
8. References 
[1] ANZG, (2018). Australian and New Zealand 
Guidelines for Fresh and Marine Water Quality. Australia 
and New Zealand Environment and Conservation Council 
and Agriculture and Resource Management Council of 
Australia and New Zealand. Canberra. 

[2] Commonwealth of Australia (2009). National 
Assessment Guidelines for Dredging. Commonwealth of 
Australia, Canberra. 

[3] Costen, A. Ims, S. and Blount, C. (2017), Douglas 
Shoal Preliminary Site Assessment Report. Document 
R.1.59918002, Version 1. Report prepared by Cardno Ltd 
for the Great Barrier Reef  

[4] Fonseca, L., Brown, C., Calder, B., Mayer, L., and 
Rzhanov, Y., (2009).  Angular Range Analysis of Acoustic 
Themes from Stanton Banks, Ireland: A Link between 
Visual Interpretation and Multibeam Echosounder 
Angular Signatures. Applied Acoustics, 2009, v70, pp 
1298-1304. 

[5] Geoscience Australia (2019). Webpage: Marine and 
Coastal Survey Techniques, Multibeam Backscatter  
https://www.ga.gov.au/scientific-topics/marine/survey-
techniques/backscatter. Accessed November 2019.  

[6] Great Barrier Reef Marine Park Authority (2011) 
Grounding of the Shen Neng 1 on Douglas Shoal, April 
2010: Impact assessment report, GBRMPA, Townsville. 

[7] Hopley et al. (2007). Hopley, D, Smithers, S and 
Parnell, K. (2007). The Geomorphology of the Great 
Barrier Reef - Development, Diversity, and Change. 
Cambridge University Press. 

[8] Jackson DR, Winebrenner DP, and Ishmaru A., 
(2006). Application of the Composite Roughness Model 
to High-frequency Bottom Backscattering. J. of Acoustic 
Society of America, 1986; v. 79(5), pp. 1410–22.  

Figure 7 Delineation of high and moderate priority areas. 

165

https://www.ga.gov.au/scientific-topics/marine/survey-techniques/backscatter
https://www.ga.gov.au/scientific-topics/marine/survey-techniques/backscatter


Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Connecting Shell Cove Boat Harbour to Coastal Waters – Strategy and Implementation 
Greg Britton 
 

Connecting Shell Cove Boat Harbour to Coastal Waters 
- Strategy and Implementation 

 
 

Greg Britton1 and Ben Morgan2 Warick Honour2 
1 Royal HaskoningDHV, Sydney, Australia; greg.britton@rhdhv.com 

2 Advisian, Sydney, Australia 
 
 
Abstract 
The Shell Cove Boat Harbour Project is one of the most significant recreational boating facilities proposed for 
the NSW coast, located approximately 100km south of Sydney.  The project is being managed under a joint 
venture arrangement between Frasers Property Australia and Shellharbour City Council. 
 
The multi-million dollar boat harbour development has involved the excavation in the dry of a 18 hectares 
harbour basin landward of Shellharbour South Beach, following by construction in the dry of foreshore 
treatments, boardwalks, regional boat ramp, travel lift facility, recreational beach, public jetty and marina piling. 
 
Maintaining the basin in the dry was achieved by the combination of a sand bund constructed across the boat 
harbour entrance, dewatering and stormwater diversion. 
 
Work commenced on the boat harbour in 2013.  Initiation of the connection of the boat harbour to coastal 
waters took place in March  2021. 
 
Prior to connecting the boat harbour to coastal waters it was necessary to formulate a strategy for how this 
could be completed in a manner which would not impact adversely on the sensitive nearshore coastal 
environment and would manage the risk of flooding. 
 
The paper outlines: 
 
• a brief history of the planning and approvals for the boat harbour; 
• the reasoning and advantages for construction in the dry; 
• the requirements in the Construction Environmental Management Plan (CEMP) for achievement of the 

connection; 
• the factors influencing development of a connection strategy; 
• the studies to support development of the strategy including water quality modelling and flooding 

assessment; 
• the finalised strategy; 
• implementation of the connection strategy; and 
• operational performance of the boat harbour subsequent to the connection. 
 
Keywords: boat harbour, recreational boating, water quality. 
 
1. Introduction 
The Shell Cove Boat Harbour project is located on 
the NSW South Coast approximately 100km south 
of Sydney and 22km south of Wollongong.  It forms 
an integral component of the Shell Cove 
development, the largest coastal residential 
development ever initiated by a local government 
authority in Australia.  It is being jointly developed 
by Shellharbour City Council and Frasers Property 
Australia.   
 
The location of the boat harbour was in the area of 
a degraded wetland, former uncontrolled landfill and 
golf course.  Development of the boat harbour was 
tied to the rehabilitation and demonstration of 
ecological functioning of a nearby wetland 
(Shadforth Wetland) and to the removal of the 

former landfill waste and its placement within a 
capped landfill cell for development as sporting 
fields. 
 
Construction of the boat harbour commenced in 
2013 and will be officially opened in September 
2021.  The boat harbour has been constructed in 
three stages, to control expenditure and match 
income generated by the residential development 
sales.  The boat harbour has the following main 
features: 
 
• 18ha ‘dig out’ waterway, 30% larger than 

Sydney’s Darling Harbour; 
• 12ha land platform, including town centre, 

residential areas, hotels, and public open 
space; 
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• 2km of foreshore; 
• 470m long breakwater at the boat harbour 

entrance; 
• 280m long groyne at the boat harbour entrance; 
• 435,000 tonnes of rock placement; 
• 350,000m3 of acid sulfate soils (ASS) 

management; 
• 270 berth marina; 
• regional two lane boat ramp; 
• vessel repair and maintenance area;  
• 120 berth dry stack vessel storage; and 
• recreational Kids Beach. 
 
The breakwater and groyne together define the 
access channel which connects the boat harbour to 
the sea.  The channel provides navigation access 
for recreational vessels and the means of tidal 
exchange between the boat harbour and the 
nearshore coastal waters which is important for 
water quality and ecology within the boat harbour. 
 
The general layout of the boat harbour is shown in 
Figure 1.  The marina and recreational beach are 
located within the Inner Harbour; the repair and 
maintenance facilities and regional boat ramp are 
located in the Outer Harbour. 
 
Due to the construction of the boat harbour in the 
dry, the connection of the boat harbour to coastal 
waters was one of the final construction activities.  
The connection had to be carefully planned to avoid 
adverse impact on the sensitive nearshore coastal 
environment and to manage the risk of flooding. 
 

 
Figure 1   Shell Cove Boat Harbour nearing completion 

 
2. Brief history of planning and approvals for 

the boat harbour 
The planning for Shell Cove Boat Harbour had its 
origins in the 1980s within the NSW Government’s 
Public Works Department (PWD).  It formed part of 
the strategy for development of mini ports along the 
NSW coast as safe havens for vessels cruising the 

coast and in recognition of the local economic 
stimulus such developments would provide. 
 
A concept plan for the boat harbour and an 
Environmental Impact Statement (EIS) were 
subsequently finalised in 1995 [1].  The proposed 
development generated significant community and 
stakeholder interest and the Government convened 
a Commission of Inquiry to assist with the 
assessment of the proposal.  Following the 
Commission of Inquiry, the then NSW Minister for 
Urban Affairs and Planning granted development 
consent on 26 November 1996. 
 
The development consent was subject to a 
significant number of conditions including the 
requirement for preparation and approval of a 
Construction Environmental Management Plan 
(CEMP) [2] and Operation Environmental 
Management Plan (OEMP) [3].  Each of these Plans 
in turn included a range of individual management 
plans, for example the CEMP included 10 such 
plans.  The construction of the boat harbour was 
also subject to an Environment Protection Licence 
(EPL) issued by the NSW Environment Protection 
Authority (EPA). 
 
3. Construction in the dry 
The original construction methodology proposed in 
the EIS to create the boat harbour included flooding 
of the site and mobilisation of a small cutter suction 
dredger.  This was due to the large volumes of 
clayey textured ASS over the surface of the boat 
harbour planform and concern with the risk of 
oxidation of these soils if conventional land-based 
excavation methods were employed.   
 
Adoption of hydraulic dredging would have 
introduced a range of issues related to water 
management and water quality, and the time 
necessary for dewatering and consolidation of the 
dredged slurry to permit building development on 
the land platform (dredged material was proposed 
to be placed within the land platform).  
Consequently, the author led investigations to 
determine a construction methodology and revised 
design that would avoid the above issues and be 
acceptable environmentally.  These investigations 
included laboratory trials and full scale field trials of 
ASS management such that the need for hydraulic 
dredging could be eliminated [4] [5]. 
 
The finalised approach included: 
 
• removal of the ASS ‘in the moist’, maintaining 

the insitu moisture content until the ASS could 
either be reburied below the over-excavated 
boat harbour floor and capped or neutralised 
and reused in the works; 

• rotation of the original boat harbour planform, in 
an anti-clockwise direction, to reduce the 
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quantity of ASS encountered and to allow initial 
excavation for the boat harbour (and over-
excavation) in a non-ASS area thereby creating 
an initial disposal area for ASS; and 

• capping and consolidation of ASS in place 
where located outside the perimeter of the boat 
harbour (avoiding the need for ’chasing’ the 
ASS beyond the perimeter, which had been 
proposed in the EIS, by having purposely 
changed the properties and exposure risk of the 
ASS via the capping and consolidation 
process). 

 
The above revised approach reduced the quantity 
of ASS to be excavated and managed from 
640,000m3 to 340,000m3. 
 
The ability to excavate the boat harbour in the dry 
(refer Figure 2 and Figure 3) created a number of 
significant advantages including: 
 
• reduced environmental risk; 
• better quality control on construction; 
• improved construction and development 

schedule; and 
• reduced overall cost. 
 
In order to achieve construction in the dry, the 
following works were required: 
 
• construction of a sand bund across the access 

channel to prevent direct tidal exchange; 
• diversion of stormwater flows from the upstream 

catchment around the boat harbour, up to the 
5 year Average Recurrence Interval (ARI) flow.  
The 5 year ARI event was selected in 
consultation with EPA.  Flow diversion channels 
were substantial structures and had to be 
modified and switched as the works 
progressed; and 

• dewatering via pumping from excavated sumps. 
 
Following completion of the works in the dry, the 
boat harbour could be filled with water (flooded).  
This allowed the installation of floating pontoons for 
the marina in the Inner Harbour and floating 
pontoons for the repair and maintenance facilities in 
the Outer Harbour, prior to connection of the boat 
harbour to coastal waters. 
 
Flooding of the boat harbour commenced by 
ceasing dewatering and removing the stormwater 
diversions.  A significant source of infilling of the 
boat harbour turned out to be flow along the 
relatively porous breakwater and groyne structures 
which acted as conduits for tidal exchange.  This 

had not been anticipated but was beneficial as it 
promoted early marinisation of the boat harbour and 
improvement in water quality including the settling 
of fines. 
 
It was not possible to immediately remove the sand 
bund to achieve filling of the boat harbour as this 
would not have met the requirements of the CEMP, 
as noted in Section 4. 
 
The mechanisms for filling of the boat harbour are 
depicted schematically in Figure 4. 
 

 
Figure 2   View looking seawards with the Inner Harbour 
visible in the dry in the right mid-ground and the 
breakwater and groyne under construction in the 
background.  The darker areas on the floor of the Inner 
Harbour are the piling platforms prepared for installing the 
marina piles in the dry (May 2018). 

 

 
Figure 3   Close up view of the travel lift piling and runway 
beams constructed in the dry.  The vehicles on the right 
of the photo are on the floor of the boat harbour (July 
2020). 
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Figure 4   Mechanisms for filling of the boat harbour prior to connection to coastal waters 

 
 
4. Connection strategy  
 
4.1 Requirements 
The CEMP specified the requirements for the 
connection of the boat harbour to the coastal waters 
and stated the following: 
 
Connection of Boatharbour 
(h) Waters within the boat harbour shall be treated 
to achieve a water quality standard acceptable to 
EPA before the cofferdam is removed and the 
boatharbour is connected to the coastal waters and 
marine environment.  The creation of a small breach 
that allows gradual tidal mixing, or pumping of 
coastal waters into the boatharbour, may be used to 
improve water quality within the boatharbour subject 
to approval from EPA. 
 
In accordance with the CEMP, the boat harbour had 
to be filled with water and this water shown to be of 
an acceptable quality before a connection could be 
initiated.  This dictated the need for monitoring of 
boat harbour water quality following filling. 
 
The cofferdam referred to in the CEMP was in effect 
the sand bund constructed across the entrance to 
the boat harbour.  Removal of the sand bund was 
considered ‘marine construction’ within the meaning 
of the EPL.  This dictated the location and frequency 
of monitoring in the coastal waters during the 
connection works in order to demonstrate 
compliance with the EPL. 
 
4.2 Factors affecting the strategy 
A number of factors affected development of the 
strategy for connection of the boat harbour to the 
coastal waters: 
 
• the requirements of the CEMP and EPL, as 

noted above.  It was necessary to propose to 
the EPA an acceptable water quality standard 
for the waters within the boat harbour and how 
achievement of this standard could be suitably 
demonstrated; 

• the risk of flooding – with the harbour basin 
water level now close to mean sea level, 
dewatering ceased, and all stormwater flows 
directed into the boat harbour, if the sand bund 
level was too high prior to the connection there 
was a risk the boat harbour land platform could 
be flooded together with the existing 
Shellharbour village upstream of the boat 
harbour; 

• the risk of uncontrolled discharge – if the sand 
bund level was too low and a rainfall runoff 
event breached the bund prior to achievement 
of an acceptable water quality standard within 
the boat harbour there was a risk of adverse 
impact on the nearshore coastal environment; 

• prolonging the connection would allow 
catchment water quality controls to ‘mature’ 
(development was still occurring in the 
catchment) but at the same time delaying the 
connection ‘too long’ would increase the risk of 
flooding and uncontrolled discharge; 

• a minimum period of monitoring of water quality 
within the boat harbour prior to connection 
would be necessary to satisfy the EPA that the 
acceptable water quality standard had been 
achieved; and 

• completion of the connection within a 
reasonable time frame was important for 
marketing of the waterfront land and opening of 
the boatharbour for recreational boating. 

 
A range of water quality modelling (MUSIC) and 
flood modelling (TUFLOW) was carried out to inform 
development of the connection strategy. 
 
The MUSIC modelling considered a range of states 
for the extent of development within the catchment 
and corresponding stormwater water quality 
controls.  The TUFLOW modelling considered a 
range of sand bund crest levels, the creation and 
maintenance of a ‘notch’ in the bund of differing 
dimensions, and the erodibility of the sand bund 
during flooding events. 
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4.3 Outline of the strategy 
 
4.3.1 Acceptable water quality standard 
An acceptable water quality standard was 
developed and proposed to EPA based on 
consideration of a number of factors: 
 
• the compliance water quality standard that 

would apply for the operating boat harbour 
(after the connection) as set out in the approved 
OEMP, which was based on 
ANZECC/ARMCANZ (2000) default trigger 
values for ‘slightly to moderately disturbed 
ecosystems’; 

• allowance for initial mixing over the period of the 
opening works, expected to take around 7-
10 days and then an additional, say, 5 days for 
further ‘settling in’; 

• acceptance that historically the degraded 
swamp had broken out across the beach 
regularly (several times a year) in heavy rainfall 
and caused a turbid plume to enter the 
nearshore coastal waters; and 

• that there would be ability to review the water 
quality standard based on water quality 
monitoring data prior to initiation of the 
connection. 

 
The acceptable water quality standard proposed to 
EPA is set out in Table 1.  The EPA approved the 
proposed standard with an additional requirement of 
monitoring of Enterococci within the boat harbour, 
as an indicator of faecal contamination. 
 
It was proposed to sample the boat harbour waters 
for the parameters in Table 1 twice weekly, at two 
locations (one in the Inner Harbour and one in the 
Outer Harbour), at the surface and near the boat 
harbour floor, over a minimum period of 6 weeks.  
This was accepted by the EPA.  Sampling for 
Enterococci followed the same procedure except 
the approved frequency of sampling was weekly. 
 
Table 1   Proposed acceptable water quality 
standard 

Parameter Slightly to 
moderately 
disturbed 
ecosystem 

Proposed 
standard 

TSS/turbidity 0.5 to 10NTU 30mg/L (100th 
percentile) 

Oil and grease Not visible Not visible 
pH (median) 7.0 to 8.5 6.0 to 8.5 
DO (mean) 80 to 110% 

saturation 
80 to 110% 
saturation 

TP (80th 
percentile) 

30µg/L 70µg/L 

TN (80th 
percentile) 

300µg/L 650µg/L 

 
 
 

4.3.2 Additional elements of the strategy 
In addition to receiving the approval of the EPA to 
the acceptable water quality standard and the water 
quality monitoring program for the boat harbour, the 
other main elements of the strategy were as follows: 
 
• general crest level of the sand bund to be 

situated 2m above Australian Height Datum, 
(2m AHD), or approximately 1m above Highest 
Astronomical Tide (HAT), but with a ‘notch’ 20m 
wide at approximately 1.55m AHD to assist with 
mitigating the flood risk; 

• sand bund level capable of containing the 
5 year ARI runoff volume in the critical storm, to 
mitigate uncontrolled discharge; 

• flexibility to provide inflow of coastal waters to 
the boat harbour by a small breach in the sand 
bund and/or by pumping, with approval of the 
EPA; 

• retention of silt curtains across the access 
channel until the full connection is achieved; 

• monitoring of water quality within the nearshore 
coastal waters in accordance with the CEMP, at 
a frequency relating to ‘marine construction’; 
and 

• initiation of the connection works when water 
quality monitoring demonstrates the acceptable 
water quality standard has been met, or at any 
time following this, but generally seek to 
minimise this time period to mitigate water 
quality and flooding risk. 

 
5. Implementation of the connection 

strategy 
Monitoring of boat harbour water quality 
commenced in January 2021 following filling of the 
boat harbour.  Based on the results of the 
monitoring and discussions with the EPA, approval 
was received in early March that a connection of the 
boat harbour to the coastal waters could be initiated.  
The connection was subsequently initiated on 
12 March. 
 
The initiation process involved excavation of the 
sand bund by long reach excavator positioned on 
the crest of the bund (refer Figure 5).  
Subsequently, a barge mounted long reach 
excavator was also mobilised to assist with the bund 
removal loading a large skip (refer Figure 6).  The 
barge mounted long reach excavator was also 
involved in clearing high spots in the access 
channel including sand that had been eroded from 
the bund by tidal flows and deposited in the channel, 
particularly during the early stages of the bund 
removal when tidal flows were constrained between 
the tip of the bund and the groyne (refer Figure 7). 
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Pockets of clay were encountered in places within 
the bund and on the floor of the access channel.  
Migration of fine suspended solids to nearshore 
coastal waters was mitigated by deployment of 
additional silt curtains.  Up to four silt curtains were 
deployed across the channel between the 
breakwater and the groyne at any one time.  The silt 
curtains suffered damage from time to time in ocean 
swell and through abrasion against the rock 
structures, and regular maintenance was required. 
 
A decision was also subsequently taken to only 
dredge within the access channel during the 
incoming tide in order to further reduce the risk of 
turbidity impacting on the nearshore environment. 
 

 
Figure 5   Initiation of the connection between the boat 
harbour and coastal waters on 12 March 2021. 

 

 
Figure 6   Progressive removal of the sand bund by land 
based long reach excavator and barge mounted long 
reach excavator (April 2021). 

 

 
Figure 7   Barge mounted excavator working in the 
access channel to remove high spots (May 2021). 

 
6. Performance of the boat harbour 

subsequent to the connection 
As at June 2021, dredging of high spots within the 
access channel was almost completed.  Water 
quality monitoring within the boat harbour has 
continued and will be ongoing as part of the 
requirements of the OEMP. 
 
Water quality monitoring has shown that the 
compliance water quality standard for the operating 
boat harbour as set out in the OEMP will be 
achieved. 
 
The boat harbour will also be subject to ecological 
monitoring as part of the requirements of the OEMP 
and will commence shortly.   
 
Marine growth colonised the boat harbour almost 
immediately after the connection was initiated and 
there have been sightings in the boat harbour of bait 
fish, larger pelagics, jelly fish and turtles. 
 
The final boat harbour and surrounding 
development is depicted in Figure 8. 
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Figure 8   View of the completed boat harbour looking landward (buildings included by artists image). 
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Abstract 
Te Wānanga, Auckland’s new waterfront public space, is part of the Downtown Infrastructure Development 
Programme, which aimed to revitalise the waterfront of downtown Auckland through a series of interconnected 
projects. The public space comprises an approximately 1,600 m2 suspended reinforced concrete wharf, 
featuring both an irregular seaward edge and numerous irregularly shaped apertures for architectural features. 
These include deck-mounted suspended steel planters which hold large Pōhutukawa trees, woven suspended 
nets, open apertures with sculpted steel balustrades and suspended mussel floats and ropes, as well as a 
series of safety piles along the seaward edge. Te Wānanga aims to blend the boundary between the city and 
the harbour with its architectural design inspired by New Zealand’s coast and culture. The unique architectural 
form, the low-lying deck level, proximity to Quay Street seawall, interface with simultaneous projects, and time 
pressure all added technical complexity. Overcoming this required in-depth analysis of wave-structure-soil 
interaction and close collaboration with the project partners. Development of a comprehensive structural model 
allowed for geometrical complexity to be accurately considered for rapid assessment of alternative construction 
staging options and for sensitivity analyses to varying ground conditions to be carried out. This allowed risks 
associated with unforeseen ground conditions during the construction phase to be managed. An adaptive 
design approach allowed for the architectural form of the low-lying deck to be retained whilst managing the 
future risk of wave overtopping through the later raising of the deck level. Wave uplift proved to be a significant 
load, especially for future sea level scenarios over the design life. However, seismic loading and durability 
considerations provided the critical design case scenarios.  

Keywords: soil-structure interaction, wave overtopping, sea-level rise, adaptive design 

1. Introduction 
Auckland Transport and Auckland Council identified 
a need to transform the central wharves and 
Downtown public realm through the creation of 
enhanced public space in the area between Princes 
Wharf and the Downtown Ferry Terminal along 
Quay Street, Auckland Central. To achieve this a 
series of interconnected projects was proposed as 
part of the Downtown Infrastructure Development 
Programme (DIDP). These included; seismic 
strengthening of the seawall along Quay Street, 
redevelopment of the ferry terminals along Queens 
Wharf, streetscaping, new bus facilities, and a new 
public space called Te Wānanga.  
 
Te Wānanga was architecturally designed to blend 
the boundary between the city and the harbour and 
takes inspiration from the natural intertidal zone. It 
extends 36 metres over the Waitematā Harbour and 
spans 73 metres in width between Princes Wharf 
and Queens Wharf. The reinforced concrete deck is 
supported by reinforced concrete-filled steel tube 
piles. It has an upper and lower deck, irregular 
seaward edge and numerous irregularly shaped 
apertures that create space for suspended steel 
planters holding large Pōhutukawa trees, woven 
suspended nets (Kupenga), an open aperture 
surrounded by a sculpted weathered steel 

balustrade, and supports suspended mussel floats 
and ropes. Lastly, a series of safety piles are 
arranged along the leading edge to mitigate safety 
concerns around vessel collision. An artistic 
impression and cross section are provided in Figure 
1.  
 
The steel planters consist of flat plate elements 
welded together with both base and wall stiffeners 
and are cast into the deck using headed steel studs. 
The concrete slab is nominally a flat slab, but in fact 
consists of a constant soffit level with a varying 
topping level resulting in a deck thickness varying 
from a nominal 500 mm to 1000 mm, with a 330 mm 
step down towards the harbour.  
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Figure 1   Artist’s impression and cross section of Te 
Wānanga (Source: [8]). 

Tonkin + Taylor was the lead design, planning and 
engineering consultancy, with overall project and 
programme management responsibilities for the 
DIDP. To deliver Te Wānanga we worked 
collaboratively with the clients (Auckland Transport 
and Auckland Council), contractors (Downtown 
Joint Venture: Downer, HEB Construction and 
Soletanche Bachy), landscape architect (Isthmus) 
and Mana Whenua to provide consent, design, 
value engineering, pricing, and construction. 
 
Here we present an overview of the project, 
discusses key aspects of the coastal, geotechnical, 
and structural design, and shares challenges and 
key outcomes of the design process. 
 
2. Coastal Design 
Key elements of the coastal design included wave 
and hydrodynamic modelling, determining wave 
loads for input to the structural design, assessing 
wave overtopping and inundation risk, evaluating 
the potential for scour from propeller wash, and 
establishing berthing energies for the design of the 
safety piles. This paper focuses on the wave 
overtopping and wave load assessments which 
proved to be key aspects of the design process. 
2.1 Wave overtopping 
The existing elevation of Quay Street at around 3.60 
m Auckland Vertical Datum 1946 (AVD-46) dictated 
the top deck level of Te Wānanga. To achieve the 
architects’ vision of connecting the land and the sea 

a lower tier deck was proposed along the seaward 
edge at an elevation of 3.27 m AVD-46 with soffit 
level at 2.60 m AVD-46. 
 
Detailed analysis of wave-structure interaction was 
required to contextualise the wave overtopping risk 
for present and future wave and water level 
combinations and to analyse wave loads on the 
deck, piles, and balustrade.  
 
The AS 4997 (2005) [11] states that the minimum 
height of deck of a wharf or jetty in tidal conditions 
should be determined as the 1% Annual 
Exceedance Probability (AEP) elevated water level, 
plus a suitable freeboard depending on exposure to 
waves. In addition to this, sea level rise over the life 
of the structure also needs to be considered.  
 
The 1% AEP elevated water level within the Ferry 
Basin is at an elevation of 2.36 m AVD-46. With the 
lower deck at 3.27 m AVD-46 this leaves a 
freeboard of (3.27 – 2.36) = 0.91 m. Sea levels 50 
years in the future are predicted to be 0.45 m higher 
than present based on the Representative 
Concentration Pathway (RCP) 8.5M scenario[9]. 
Therefore, the 1% AEP elevated water level would 
increase to (2.36 + 0.45) = 2.81 m AVD-46 reducing 
the freeboard to (3.27 – 2.81) = 0.46 m over the 
design life. 
 
A SWAN (Simulating Waves in the Nearshore) 
numerical wave model was developed to assess 
wind-generated wave conditions (height, period, 
and direction) in the Ferry Basin. This utilised 
bathymetry gathered from the site and was driven 
by sustained extreme wind speeds for predominant 
directions taken from a local wind gauge to derive 
the extreme wave climate. Waves arriving from the 
north produce the largest wave heights within the 
Ferry Basin and therefore provided the input for our 
wave overtopping assessment. The 100-year 
Annual Recurrence Interval (ARI) storm yielded a 
significant wave height (Hs) of 0.93 m with peak 
wave period (Tp) of 3.22 seconds.  
Given the complex geometry of Te Wānanga a 
physical model study would have been the best tool 
for assessing the wave overtopping risk however 
the project programme meant this was not possible. 
Therefore, to approximate wave overtopping we 
compared two methods over a range of wave and 
water level combinations to assess the risk. Both 
methods employ the EurOtop II [6] calculations for 
wave overtopping of vertical seawalls.  
 
The first method (refer Figure 2) assumed the 
seaward face as a vertical wall from the crest of the 
lower deck (3.27 m AVD-46) to the seabed. This 
method is likely to over predict wave overtopping as 
the void beneath the deck is ignored and as such is 
considered a conservative estimate of wave 
overtopping. The second method modified the input 
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wave height proportionate to the level of interaction 
it had with the deck face (refer Figure 3). This 
method is likely to under predict wave overtopping. 
While both methods are not a true representation of 
the wave overtopping process, they give an 
approximation and allowed the influence of future 
sea level rise scenarios to be compared to 
contextualise the risk. 
 

 
Figure 2   Wave overtopping method 1 – Assumes vertical 
wall (red line) from deck to seabed for overtopping 
calculations 

 
Figure 3   Wave overtopping method 2 – Assumes wave 
interaction with deck face only (red line) for overtopping 
calculations  

Tolerable wave overtopping is suggested in the 
EurOtop II manual (2018) [6] which notes that for 
‘people at the crest with a clear view of the sea’ the 
mean overtopping rate (q) should be < 10 to 20 l/s/m 
and the max volume (Vmax) < 600 l/m.  
 
These tolerances were achieved over sufficient 
range of wave and water level combinations over 
the design life to accept the lower deck elevation. 
However, to mitigate the residual risk of increased 
wave overtopping during significant wave events 
and future sea levels, an adaptive design of raising 
the lower deck to sit flush with the upper deck 
elevation was agreed with the architect and client. 
This allowed the structure to continue in its current 
architectural form but acknowledged that future 
adaptation may be required to manage future 
climate change effects.  
 
Through detailed analysis of sea level rise 
scenarios and a combination of methods for 
estimating wave overtopping rates, the risk was 
sufficiently contextualised and mitigation measures 
put in place to address uncertainties in the future. 

The timeframe for implementing the adaptation will 
be dependent on sea level rise rates which are 
monitored.  
 
2.2 Wave loads 
Based on an importance level 3 structure the 1000-
year ARI wave condition in combination with the 
200-year ARI extreme storm tide level and 
allowance for future sea levels over the 50-year 
design life provided the design case for assessing 
wave loads. 
 
Horizontal wave loads on the piles were assessed 
using the methods provided in BS 6349-1:2000 [3], 
the horizontal wave loads on the deck face were 
calculated using the methods provided in HR  
Wallingford (2004) [7] and wave uplift loads on the 
deck and beams were calculated using the methods 
provided in AS 4997:2005 [11]. 
 
The max horizontal wave loads on the piles were 
around 8 kN, the max horizontal wave loads on the 
deck face were around 75 kN, and uplift loads on 
the deck reached around 24 kN/m2.  
 
3. Geotechnical design  
Based on previous knowledge of the area and site-
specific geotechnical investigations undertaken for 
Te Wānanga, the ground conditions at the site 
broadly consisted of Upper Tauranga Group (UTG) 
soft marine sediments overlaying both weathered 
and competent East Coast Bays Formation (ECBF) 
rock units. A rock armour buttress was also located 
in front of the Quay Street seawall, which abuts the 
southern end of Te Wānanga. Figure 4 presents a 
typical cross section of the ground conditions in 
relation to the wharf and piles. 
 

 
Figure 4 Typical cross section (north-south) through Te 
Wānanga showing the ground conditions. 

 
Soil Structure Interaction (SSI), or the interaction 
between the response of the ground and the wharf 
piles founded within that ground, was identified as 
an important consideration early on due to the 
variable stiffness of each pile. The pile lateral 
stiffness was governed by two factors at this site: 
the elevation of ECBF rock and whether the pile was 
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embedded through the buttress. As a result, the 
variation in rock level and the extent of the buttress 
caused the lateral stiffness of the piles to vary 
significantly across the site. When subjected to the 
same lateral displacement, the shorter piles attract 
more load than the longer piles. For design, the site 
was divided into three zones (red, yellow, green) 
based on the ECBF rock contour as shown in Figure 
5, assuming the piles within the same zones would 
have similar load-displacement behaviours. 
 

 
Figure 5 Representative pile zones (red, yellow, green) 
based on rock elevations, with the red zone having the 
deepest rock and the green zone having the shallowest 
rock. 

 
As the pushover analysis being undertaken would 
allow for a more detailed consideration of these SSI 
effects, it was decided to consider SSI by using non-
linear p-y (or load-deformation) curves generated 
from the software package LPile by Ensoft [5]. 
These p-y curves were specific for both the 
dimensions of the piles and the geological 
conditions in the three zones. The piles were 
divided into segments at 1 m intervals, and p-y 
curves were generated along the depth of the piles 
in the middle of each segment. Once the p-y curves 
were generated, they could be input directly into 
SAP2000 [4] as multi-linear elastic link elements for 
structural modelling. 
 
Unforeseen ground conditions were considered a 
significant financial and programme risk during 
construction. Accordingly, varying ground 
conditions were analysed during the design to 
minimise the risk of redesign and delays on site. 
This required several additional analysis models 
with varying ground conditions. These sensitivity 
analyses included varying the depth to competent 
rock to capture the likely range of pile response. 
 
Slope stability analysis indicated that, during an 
Ultimate Limit State (ULS) level seismic event in 
accordance with AS/NZS 1170 [10], there was 
potential for slope instability in the soft UTG layer, 
near the western end of Te Wānanga in the 
landward-seaward direction. As the rock armour 
material was supported by the UTG, there was 
potential for the rock armour to be mobilised and 
impart significant loads onto the piles. To address 
this issue, oversized casings with seismic gaps 
around the affected piles were designed to allow for 

the displacement of the rock armour under a 
seismic event without imposing additional load on 
the piles. 
 
4. Structural Design  
Te Wānanga was designed as an importance level 
3 structure with a 50-year design life in accordance 
with AS/NZS 1170 [10]. All concrete elements were 
detailed to achieve a 100-year durability design life. 
Load combinations from AS/NZS 1170 [10] and AS 
4997 [11] were adopted for design. All reinforced 
concrete elements were designed and detailed in 
accordance with NZS 3101 [13] and all steel 
elements were designed in accordance with NZS 
3404 [12] with appropriate allowances for corrosion 
losses in accordance with SNZ TS 3404 [14]. 
 
4.1 Structural Modelling 
The structural analysis was carried out using the 
software package SAP2000 for which a 3D non-
linear static model was created. The key structural 
elements were modelled (refer to Figure 6) with the 
piles and steel planters modelled as frame 
elements, and the reinforced concrete flat slab 
modelled as shell elements (each section property 
is shown in a different colour). Rigid frame elements 
were used to connect the planters to the deck slab 
at stiffener locations. 
 
A series of non-linear springs was required for the 
structural model in SAP2000 to model the soil. The 
p-y curves of the soil were generated using the 
software LPile and were subsequently converted 
into non-linear lateral springs for input. These non-
linear springs representing the soil were applied as 
compression only springs at the quarter points 
around the circumference of each pile and at 1 m 
intervals along the pile length. 
 

 
Figure 6 Te Wānanga SAP2000 model isometric view. 
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4.2 Deck Slab Design 
Valuable feedback from the constructors suggested 
that a structure with a flat soffit would offer 
significant programme savings and be more cost-
effective than a conventional “beam and slab” 
structure. The aesthetic requirements of having a 
step in the top level of the slab without any internal 
joints in the deck resulted in a thicker continuous 
slab than what would be conventionally needed for 
strength purposes. 
 
Serviceability design for durability, specifically the 
crack width maximum recommended limits in NZS 
3101 [13] for a coastal environment, was the 
governing consideration for the design of the deck 
slab reinforcing arrangement. The positive 
differential temperature case (where the top of the 
concrete deck is hotter than the bottom due to solar 
radiation) led to large tension and bending forces in 
the concrete deck.  
 
Shrinkage was also a governing design 
consideration for durability as this induced very 
large tension forces in the concrete deck. The risk 
of cracking was exacerbated by the constructor’s 
preferred construction sequence, whereby the deck 
was poured sequentially in five pours from east to 
west, with the first four pours being two spans wide 
and the final pour being four spans wide. The 
differential shrinkage effects due to restraint 
between the pours resulted in large tension forces 
on the newer pour, which are effectively “locked-in” 
at the start of the structure’s design life. 
 
4.3 Wave Loading 
The design pressures derived from the coastal 
analysis were applied to the piles, the deck and the 
balustrades. It should be noted that whilst, in this 
instance, reinforcing steel was governed 
fundamentally by secondary effects such as 
temperature and shrinkage, the vertical wave 
suction pressures were significant. These pressures 
could potentially govern reinforcing design if the 
structure had a different form e.g., a more 
conventional beam and slab arrangement. 
 
4.4 Pushover Analysis 
Seismic analysis was carried out using the non-
linear static procedure (more commonly referred to 
as pushover analysis) in accordance with the 
guidance set out on ASCE 41-17 [1] and ASCE 61-
14 [2] but adopting the material properties and load 
regimes in the relevant New Zealand standards. 
Pushover analysis broadly involves the creation of 
an analysis model which is representative of the 
structure. The relevant non-linear elements (in this 
case plastic hinges and soil stiffness) are also 
modelled. Horizontal forces of increasing magnitude 
(in this case proportional to the mass lumped at 
each node) are applied to the model until the plastic 
hinges reach a predetermined rotation limit. The 

displacement of a target node (in this case the 
centroid of the deck which is marked by a cross in 
Figure 6) at a rotation limit is then compared to the 
displacement demand of the structure for a design 
level earthquake. The boundary conditions in the 
horizontal direction were modelled by non-linear p-
y curves which represent the supporting ground, 
and the vertical support was modelled by a vertical 
restraint at the pile toe. The structure was displaced 
in both positive and negative directions, parallel and 
perpendicular to the shoreline. 
 
Column hinge properties were modelled in 
accordance with the relevant sections of ASCE 41-
17 [2] and ASCE 61-14 [1]. ASCE guidelines for the 
seismic design of wharves suggest allowing for a 
“weak column – strong deck” hierarchy. 
Accordingly, plastic hinges were allowed to form at 
both the head of the column and in the ground within 
the prescribed hinge rotation limits. ASCE 61-14 [1] 
guidance gives allowable material strains and 
hence plastic hinge rotations for a given earthquake 
event. These rotations relate to a level of damage 
rather than an Ultimate Limit State (ULS) or a 
Maximum Credible Earthquake (MCE). The hinge 
rotations for “Controlled and Repairable Damage” 
were treated as the maximum rotations for the ULS 
earthquake. Similarly, the hinge rotations for “Life 
Safety Protection” were treated as the maximum 
rotations for the MCE earthquake. 
 
5. Additional Design Considerations 
A non-linear dynamic model, using time history 
analysis, would be able to capture both the cyclical 
stiffness degradation of both the soils and the 
structural hinges. These effects were considered 
likely to have a relatively small effect on the final 
design of Te Wānanga, but could be important in 
other scenarios, such as the design of structures 
where dynamic effects could be more significant. 
 
There appears to be a lack of research on the 
subject of differential temperature design gradients 
on flat slab structures. With the majority of research 
on differential temperature gradients carried out on 
conventional bridge girders, there are potential 
questions about the applicability of the conventional 
differential temperature gradients on a flat slab 
wharf structure. Further research may shed 
additional light on this subject, noting that this had a 
substantial effect on the amount of steel reinforcing 
in Te Wānanga deck slab. 
 
6. Summary  
Sensitivity analysis of wave and water level 
combinations to assess wave overtopping risk and 
use of an adaptive design approach to account for 
uncertainty surrounding future sea levels allowed 
for the low-lying architecturally designed coastal 
edge to be achieved. While a physical model study 
would have provided greater confidence in the 
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assessment the programme did not allow for this, 
and alternative empirical methods were used to 
contextualise the risk. Prior to future adaptations a 
physical model study would be the most appropriate 
tool to better understand the complex wave-
structure interaction and support the 
implementation of the adapted  design to mitigate 
wave overtopping.  
 
Unforeseen ground conditions were considered a 
significant financial and programme risk during 
construction. Accordingly, varying ground 
conditions were analysed during the design to 
minimise the risk of redesign and delays on site.  
 
Development of a comprehensive 3D structural 
model allowed for geometrical complexity to be 
accurately and efficiently considered, for rapid 
assessment of alternative construction staging 
options, and for SSI and wave loading to be easily 
incorporated into the analysis. 
 
Close collaboration between the engineering design 
team, architects, contractor, and client allowed the 
vision to be realised without compromising the 
architectural form. Figure 7 shows construction of 
Te Wānanga, and Figure 8 provides a photograph 
taken during the opening ceremony in July 2021. A 
testament to the vision having been realised is 
illustrated by comparing the architects’ renders to 
the outcome.  
 

 
Figure 7 Te Wānanga in construction (Source: Author)  

 
Figure 8 Te Wānanga completed (Source: Matt House, 
Tonkin + Taylor) 
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Te whakawhirinaki a te iwi ki te awa e whai painga, e whai manapou, e whai toiora. Te Kaituna! 

A people’s dependence on a river that provided nourishment, sustenance and wellbeing. The Kaituna! 
 
Ever since Te Arawa waka (canoe) landed in Maketū in the Bay of Plenty, the Kaituna River and Te Awa o 
Ngatoroirangi / Maketū Estuary at its mouth have provided for the health and wellbeing of Te Arawa people 
and many others. However, from 1926 several actions to divert the river and drain the adjacent wetlands for 
agriculture have reduced their mauri (life force); their ability to sustain and provide traditional food resources, 
and their ecological value. Most notably, works in 1956 diverted the lower Kaituna River out to sea at the 
“Kaituna Cut” for drainage purposes and substantially altered the hydrodynamics and health of the estuary. 

The area was previously regarded as the richest part of Te Arawa’s rohe (boundaries) due to its abundant 
estuarine and wetland resources, while now it is not.  

Maketū residents and iwi (tribe) representatives have called for the return of the Kaituna to the estuary since 
1979.  

The Kaituna River Re-diversion and Te Awa o Ngatoroirangi / Maketū Estuary Enhancement Project (the 
Project) was established by Toi Moana / Bay of Plenty Regional Council in response to these longstanding 
tangata whenua (people of the land) and community concerns about degradation of the estuary. The project’s 
objectives included directly improving the ecological health and mauri (cultural and social wellbeing) of the 
estuary. The maximised partial river re-diversion (while leaving the Kaituna Cut open) and large-scale wetland 
creation was intended to be a significant step towards remedying ecological impacts and cultural grievances 
created by past works, without significant adverse effects. Works were carried out between 2017 and 2020, 
and the project was fully commissioned in February 2021, with early monitoring already showing substantial 
environmental and cultural improvements. 

Keywords: engagement, coastal restoration, tangata whenua. 
 
1. Introduction  
1.1 Pathways to degradation  
Te Awa o Ngatoroirangi (or Ongatoro for short) was 
the name given to Maketū Estuary following the 
landing of Te Arawa waka there around 650 years 
ago, after the high priest ancestor Ngatoroirangi 
who was aboard the canoe. Numerous tribes have 
since occupied Maketū and relied on the 230 
hectare estuary and the thousands of hectares of 
wetlands on the alluvial plains surrounding it for 
food and other resources. The estuary was 
described as being ‘The Pataka Kai o Te Arawa’ 
(the food bowl of Te Arawa). It was reknowned as 
a source of shellfish and fish and a busy flax-
trading port in the early 1800s. Small coastal 
trading vessels navigated up through the estuary 
and lower Kaituna River as far as Canaan’s landing 
near Waitangi, some 8km inland. 
 
In the early 1900s attempts to drain the wetlands in 
the lower Kaituna catchment for agricultural land 
development gathered pace. The Kaituna River 
District Act 1926 provided the River Board with 
extensive powers to divert water, build stopbanks, 
construct causeways, and establish a network of 
drains, tide gates and pump stations. Over the 

decades these efforts resulted in the Kaituna 
Catchment Control Scheme, providing landowners 
with stop-banking protection from 1% AEP river 
and sea floods, and draining groundwater to 
provide for pasture growth on nearby organic soils.  
 
In the early 1950s the River Board looked at 
options to further improve land drainage, leading to 
the 1956 Te Tumu diversion which directed the 
river out to sea before it reached the estuary (at a 
point 3.6km west of the Maketū Surf Club, where 
the river had been known to breach the sand dunes 
during large storm events such as the one in 1907). 
These works reduced the low tide water level in the 
Kaituna River thus facilitating gravity drainage of 
surrounding wetlands. However, these works also 
stopped most of the freshwater draining the 
Kaituna catchment from reaching the estuary 
(averaging 2.9 million cubic metres per tidal cycle), 
and therefore significantly changed the estuary’s 
hydrodynamics and ecology. A further river 
diversion was undertaken in 1981 to straighten it. 
Figure 1 illustrates the history of the interventions. 
 
These works, combined with occasional natural 
breaches of Maketū Spit during storm events and 
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intensification of surrounding land uses, have 
contributed to adverse ecological and cultural 
effects, including: 
 
• Accelerated in-filling of the lower and middle 

estuary caused by an expanding flood tide 
delta made up of marine sands and silts due to 
the removal of the Kaituna River’s flushing 
flows 

• Reduced habitat with 92% of freshwater 
wetland, 95% of salt marsh and 99% of sea-
grass disappearing since 1956 due to 
changing hydrodynamics and associated land 
drainage or reclamation 

• A reduction in the ecological health of the 
estuary due to changed hydrodynamics and 
land use, and consequent increases in macro-
algal growth and eutrophication 

• A decline in the size and abundance of fish and 
shellfish (kaimoana)  

• Fewer whitebait, which was both a food source 
and an income for many whānau (family) 

• A decline in the mauri of the estuary and lower 
Kaituna River, with associated impacts on 
tangata whenua environmental relationships 
and practices. 

 
Gauging of estuary volume showed a 34% 
reduction between 1972 and 1985 [13] and a 
further reduction of 17.3% up to 1996 [6]. The 
reduction in tidal volume and shallowing of benthic 
habitat has had adverse impacts on shellfish beds. 
When these hydrological impacts are combined 
with the reported loss of 160 ha (95%) of maritime 
marsh between 1939 and 1979 [10] the impacts on 
the benthic ecology are extensive. A 2017 
assessment of the ecological health of Maketū 
Estuary showed it to be in poor condition [11] 
primarily due to extensive macroalgal beds and 
extent of muddy sediments. 

 

 
Figure 1   History of interventions overlaid on an aerial image pre-construction of the Project.

1.2 The cultural setting 
The Kaituna River is the umbilical cord that joins 
the tribes of the river together.  From its 
commencement at Lake Rotoiti to Okere Falls (Te 
Wairere o Okere) and onward downstream to the 
Kaituna plains as it meanders to the outlets at Te 
Tumu and the Maketū Estuary; the Kaituna River 
tribes are joined together through whakapapa 
(genealogy) and are united in their responsibility to 
ensure the Kaituna River is protected for the 
generations still to come. [15] 
 
The relationship between tangata whenua, the 
Kaituna River, and the estuary is culturally and 

historically very significant - it has sustained the 
people since the landing of Te Arawa waka at 
Maketū.  Not surprisingly, the area is rich in history 
and includes some of the earliest recorded areas 
of occupation in the Bay of Plenty. A number of 
different iwi and hapu (family groupings) have an 
interest in all or part of the Project area, including 
but not limited to Ngati Whakaue, Tapuika, 
Waitaha, Ngati Pikiao, Ngati Rangiwewehi, Ngati 
Makino, Ngati Tūnohopū, and Tūhourangi, among 
others. The owners of Papahikahawai Island, 
Whakapoukorero and other blocks, and the hau 
kainga of Maketū whose population is two thirds 
Māori, also all have an interest. These people are 
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strong advocates for the return of the river, the 
rejuvenation of the estuary and the enhancement 
of cultural values (Figure 2).   
 
Tangata whenua were not consulted over past 
works and consistently emphasised to local and 
central government agencies that there would be 
significant impacts on the estuary. The historical 
diversion works have been described by some iwi 
as “as an engineer’s mistake, a piece of work that 
did not need to be approved but was carried out to 
keep a few happy within the community”. [15].  
 
In more recent times there have been a number of 
iwi management plans prepared and treaty claims 
lodged. A key treaty settlement is the Tapuika 

Claims Settlement Act 2014 which established a 
framework for co-governance of the Kaituna River. 
A statutory body, Te Maru o Kaituna River 
Authority, was established and charged with co-
governance of the river, with membership shared 
equally between iwi and local government. The 
purpose of the Authority is the restoration, 
protection, and enhancement of the Kaituna River 
and it is empowered to have regard to the social 
and economic well-being of people and 
communities. It is a partnership model, and 
together the Authority has developed and adopted 
a vision, objectives and desired outcomes in 
‘Kaituna, He Taonga Tuku Iho – the Kaituna River 
Document’ and set out 18 priority projects in ‘Te 
Tini a Tuna – the Kaituna River Action Plan’ [14]. 

 

  
Figure 2   Fishing for whitebait (mainly inanga or 
koauau locally) on the Kaituna River in 1931. In 1956 
there were over 60 sites in use. 

Figure 3   Maketi Action group members. 

 

1.3 A call to action 
As recalled by one of the authors, Liam Te 
Wherowhero Tapihana of Te Rūnanga o Ngāti 
Whakaue ki Maketū, the hearts of Te Arawa’s 
elders were broken by what was happening to their 
beloved Kaituna. Fish disappeared, shellfish 
reduced, whitebait numbers fell, and deep 
sediment deposits accumulated. The effects from 
past actions resulted in calls from the Maketū 
community for the Kaituna River to be re-diverted 
back into the estuary since at least 1979 with the 
formation of the Maketū Action Group (Figure 3). 
There have also been calls at a national level to 
address the degradation. In 1984, a Parliamentary 
Petition resulted in a Cabinet Paper and the 
preparation of a Restoration Strategy [5] which was 
supported by the government of the time subject to 
conditions around a catchment management 
strategy, water quality and flood risk. However, 
resource consent was only granted for up to 
100,000m³ to be re-diverted per tidal cycle (4% of 
the river’s flow) due to water quality concerns. In 
the 1980s the lower Kaituna River had a median E. 
coli concentration of nearly 1,000 cfu/100ml due to 
a range of untreated discharges in the catchment. 
These discharges have since been improved 
fivefold through a range of improvements brought 

about via Resource Management Act 1991 (RMA) 
instruments and voluntary actions. 
 
As part of a process to address these adverse 
effects of historical activities, Bay of Plenty 
Regional Council and other agencies together with 
the community developed the non-statutory 
‘Kaituna River and Ongatoro/Maketū Estuary 
Strategy’ [1]. Along with water quality improvement, 
wetland creation and other work, the Project is one 
of the key steps in a staged approach that is 
required to implement the Strategy.  
 
2. The Journey - restoring the mauri, 

restoring the culture 
The Kaituna River Re-diversion and Te Awa o 
Ngatoroirangi / Maketū Estuary Enhancement 
Project (the Project) started with a clear and unified 
purpose – to restore the mauri of the estuary. The 
objective was to significantly increase the volume 
of water flowing from the Kaituna River into Te Awa 
o Ngātoroirangi / Maketū Estuary to maximise the 
ecological and cultural benefits (particularly 
wetlands and kaimoana) while limiting the 
economic cost and adverse environmental effects 
to acceptable levels [4].  
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Given the values of the estuary and extensive 
history of interventions, key to identification of 
options and successful project delivery was the 
need for meaningful involvement with tangata 
whenua and support of stakeholders and the 
community. 
 
2.1 Project Development 
The Project itself and the preceding resource 
consents that were granted were the product of 
many years work involving a lengthy and iterative 
process contributed to by a range of technical 
experts in parallel with community consultation. 
The Project team, made up of Council staff and 
consultants, included planners, ecologists, 
engineers, coastal scientists, engagement 
specialists and geomorphologists. The authors of 
this paper were part of the team. 
 
It is important to note that the Project is one of 
many initiatives being undertaken to revive the 
estuary. Others include wetland and other habitat 
creation and restoration [14].  It is, however the 
most significant to date, in terms of scale and 
expected environmental benefit, alongside the five-
fold reduction in faecal contamination of the lower 
Kaituna River since the 1980s. 
 
Council’s involvement started in 2001 with the 
commissioning of several numerical modelling 
studies, leading to a pre-feasibility report [8] that 
identified four broad options as follows, based on a 
number of scenarios modelled [16] being: 
 
1. Re-divert the entire river into the estuary  
2. Maximise the re-diverted flow while keeping 

the Kaituna Cut open  
3. Increase the re-diverted flow in a limited way 

4. Stay with the status quo. 
 
Council resolved to pursue the option of 
maximising the re-diverted flow whilst retaining the 
Kaituna Cut, while noting that tangata whenua 
preferred a full re-diversion, and committing to 
keep looking at how that might be achieved. 
Further modelling studies [17] followed and options 
were iteratively discussed and refined through 
consultation and engagement to try and find the 
optimal solution. It is that comprehensive and 
iterative process that led to the Project as it was 
proposed in the consent application, the key 
elements of which were: 
 
• A new 650m long, 60m wide and 2m deep re-

diversion channel linking in to the old Kaituna 
River loop 

• Dredging of 23,000m3 sand, silts and mud from 
the old loop that had accumulated since 1981 

• A series of 12 hydraulically controlled gates at 
the interface of the river and estuary, designed 
to open on every flood tide and close as it 
begins to ebb (as well as providing the ability 
to control flows to manage flood risk and during 
summer low river flows to optimise the 
freshwater proportion re-diverted) 

• Removal of three causeways that had cut off 
flows into 13 hectares of the upper estuary, 
which had become highly eutrophic 

• Re-creation of wetland, mudflat and coastal 
shrublands on 26 hectares of newly acquired 
land at Te Pā Ika 

• New recreational boating facilities and public 
access. 

 
Key project elements are identified in Figure 4. 

 

 
Figure 4   Photograph showing key elements of the project. 
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2.2 A partnership with tangata whenua 
The significance of the river and estuary to tangata 
whenua was evident throughout the project’s life 
cycle. In fact, Council’s decision to fund the project 
was driven by the efforts of Ngati Pikiao’s Raewyn 
Bennett, elected as Councillor in the newly formed 
Maori constituency seat of Mauao, who was one of 
many since 1979 to advocate for it (the Regional 
Council was the first local government agency in 
New Zealand to create Maori wards in 2001).  
 
Collaboration with tangata whenua to achieve 
cultural outcomes was critical to the success of the 
project. Seven iwi/hapū groups directly 
collaborated with the Council team throughout the 
project - Ngāti Whakaue kī Maketū, Waitaha, Ngāti 
Pikiao, Tapuika, Ngāti Rangiwewehi, Ngāti Makino 
and Ngāti Tunohopu. Several others with an 
historic interest were consulted along with land 
trusts around the estuary. It was acknowledged 
that the degradation of the mauri of the river and 
estuary over time had been significant and the 
impact on the surrounding environment, and the 
people living around it, considerable. The Project 
provided tangata whenua with the opportunity to 
exercise kaitiakitanga (guardianship), often in 
accordance with tikanga (traditional practices) – 
even if that was compromised by planning and 
contracting constraints at times.  
 
Four separate cultural impact assessments (CIA) 
were prepared by iwi to support the resource 
consent applications for the Project [2], building on 
the understanding of issues and options from 
hapu/iwi management plans, interviews and a 
range of other sources such as historical research 
and Waitangi Tribunal material. This partnership 
approach ensured that the Project would contribute 
to the restoration of cultural knowledge and the 
mauri of the river and estuary. This collaboration 
has carried through from the early stages of the 
Project, from the planning approvals process 
(where it was explicitly embedded in the consent 
conditions) to the subsequent implementation and 
construction phases - and that approach will 
continue. 
  
Several opportunities to employ tangata whenua 
were identified and implemented during planning 
stages with the help of the Maketū Taiapure 
Committee (the local fisheries committee), 
including the hydrological investigations, the water 
quality sampling, the social impact assessment and 
the communications and engagement work. Later 
on, locals were employed during construction in a 
variety of roles ranging from cultural and mauri 
monitoring to public relations, from machine 
operation to restoration planting, and from mural 
design to security. Now that the Project is 
complete, the ongoing collaboration occurs 

through sharing and discussion of monitoring 
results and identification of further opportunities. 
 
We note that the collaborative journey has not 
always been easy, and that differences of opinion 
both led to Environment Court proceedings [7] 
seeking not to stop the project, but to influence the 
way in which Council implemented the Project. The 
aims of the court action sought to maximise 
accountability for improvements in mauri and 
associated cultural values, and thereby provide for 
the enhancement of tangata whenua relationships 
with the environment. There was scepticism from 
some parties based on previous dealings with 
Council, and a sense of mamae (hurt) that needed 
to be acknowledged. Issues around mana whenua 
(power associated with possession of lands), place 
names and histories emerged at times, and these 
were referred to a group of koeke (elders) by the 
iwi involved in the process to be discussed and 
resolved through a tikanga process. Some of Te 
Arawa’s elders were doubtful that the Kaituna 
would be returned to the estuary in their lifetimes, 
having waited nearly forty years for action.  
 
Overall (but not unanimously), feedback from 
tangata whenua to Council has been that the 
Project team was open and genuinely consultative, 
listening to and understanding concerns and 
collaborating to co-design solutions and plans to 
address them. While always a compromised effort 
to restore a dynamic natural ecosystem, the values 
and priorities of tangata whenua were incorporated 
to a significant extent as demonstrated by 
submissions received in support [2]. 
 
2.3 Into the mixing pot - science, values and 

competing interests 
In promoting a project of this kind, where the overall 
environmental and cultural benefits are obvious, 
there are always competing values and interests 
and in some cases a need for trade-offs in finding 
the optimal outcome. While there was broad 
support for the concept of re-diverting the river to 
the estuary, obtaining a consensus on the 
relationship and balance between environmental, 
social and economic matters put the scope, options 
and methodology under intense public scrutiny 
during the RMA consenting process. 
 
The Council’s engagement journey started in 
earnest in 2012 and continues to this day post-
construction. The overall aim was to provide the 
community with opportunities for active 
engagement prior to decisions being made [4].  
 
2.3.1 Science 
Given the changes in land use and community 
since 1956 it was inevitable that the Project would 
have some effects on the environment. Questions 
raised by stakeholders and the community during 
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the resource consenting stage included: what if the 
model the predictions are based on is wrong? is all 
the proposed land purchase necessary? will there 
be erosion in the lower river? will recreational 
boaties find it harder to cross the bar? will there be 
any changes to shellfish gathering?  how will the 
flood risk change at Maketū township? The 
response to these matters is presented in Table 1. 
 
To assess potentially positive and negative effects 
of construction work, river re-diversion, and 
wetland creation, extensive field work was 
undertaken, and a suite of numerical models were 
developed with a focus on processes relevant to 
the project objectives. Numerical models were 
utilised to assess changes to the hydrodynamics 

(flow from river to estuary and flood risk), 
morphology (form and shape of the river and 
estuary), and water quality (salinity, nutrients and 
bacteria) due to the project and develop the 
necessary mitigation. Modelling was backed up 
with ecological investigations to understand what 
changes could be expected to the estuary ecology. 
 
By the time the resource consent applications 
reached hearing stage in 2015 the application, 
supporting technical reports and peer review, 
Council officer reports and hearing evidence 
totalled over 3000 pages. While this is significant 
for what was a restoration project, the level of 
comprehensiveness reflected the complexity of 
issues and community interest. 

Table 1   Examples of Values / Interests raised and response during development and refinement of the Project. 

Topic Values / Interest Science / Response 
Boating interests Navigation of bar at Te Tumu - 

concern that the increased re-
diversion of water from the river 
to the estuary will adversely 
affect the ability to safely 
navigate the bar. It is generally 
accepted that the bar is, at times, 
dangerous, and caution must be 
exercised by those crossing it. 

Engaged a third coastal geomorphological expert to review the 
potential impacts and measures that could be undertaken to 
monitor the effects. Findings communicated using FAQs and 
meetings. Conclusion of all three experts, and accepted by the 
hearing commissioners, was that there would be indiscernible 
effect on the current situation at the bar and would not 
compromise the existing navigation of the entrance.  
A ‘backstop’ consent condition required post construction 
model validation and triggering action in the very unlikely 
event that the modelling results are significantly in error [2]. 

Drainage 
Scheme  

Additional water in estuary would 
raise water levels affecting 
drainage scheme operation. 

Technical experts spent a great deal of time and resources 
trying to model the operation of the Scheme’s systems, given 
there was little information on this when discussions with the 
Drainage Scheme commenced. It resulted in the parties 
having a much greater understanding of both the operation 
and how the Project would affect it. 
It became clear as a result of new modelling information and 
further discussions that the effects could be adequately 
addressed via contributing to the increased pumping costs (ie. 
compensation) [9]. 

Flood risk to 
Maketū 

Additional flows into estuary 
poses added flood risk to Maketū 
township. 

Allowing flood flows in the estuary are key to helping mobilise 
decades of sediment built up. However, it was important that 
flood risk to Maketū was not altered therefore a decision matrix 
was developed to determine gate opening and closing during 
floods. 

 
2.3.2 Engagement – values and interests 
Key to obtaining resource consents for the Project 
was the ability for the project team to collaborate 
with stakeholders to not only understand any 
potential concerns they had but to work with them 
on solutions to ensure informed decision making 
that reflected, to the extent, physically and 
financially practicable, the views and preferences of 
the community. Of significance was the: 
 
• Purchase of 45 hectares of land to maximise the 

ecological and cultural benefits by attempting to 
re-create new and enhance existing saltmarsh 
and wetlands (the original proposal was more 
limited in scope) 

• Addition of a 15 hectare ecological restoration 
project on Papahikahawai Island, including 
compensation for lost grazing, creating chenier 

ridges along the estuary margin with two 
breaches allowing for fish passage, seven 
hectares of salt marsh restoration and nearly 
eight hectares of coastal shrubland planting 

• Decision to extend the 60m wide inlet channel 
some 1,000m upstream of Ford Rd to maximise 
the freshwater proportion in the re-diverted flow 
at 76% (the original proposal would have seen 
a shorter channel used with more re-circulated 
sea water from the Kaituna Cut, leading to a 
predicted 34% freshwater proportion) 

• Decision to prepare and implement Tangata 
Whenua Collaboration and Mauri Monitoring 
Plans together with iwi representatives and the 
land trusts. 
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3. Estuary Recovery 
Under the terms of the resource consent, Council is 
monitoring physical and ecological parameters to 
assess the effects of the Project and is working with 
Māori so they can assess mauri. Some key findings 
from monitoring to date are given below, and are 
comprehensively reported elsewhere [12]: 
 
• A 45 hectare (19%) increase in the inter-tidal 

zone of Maketū Estuary through re-connection 
of Papahikahawai Creek, Papahikahawai Island 
and Te Pā Ika, with consequent increases in 
tidal prism and therefore flushing  

• Changes in water volumes and velocities 
predicted by modelling have occurred meaing 
the estuary’s tidal prism volume now flushed 
through in 2.5 tidal cycles, compared with 15 

• Undesirable macroalgae beds in the upper 
estuary such as Gracilaria chilensis have 
reduced in area to near zero cover 

• Erosion of up to 70mm of anoxic mud from 
sediment plates in the upper estuary 
(desirable), and bank erosion along 
approximately 25% of one bank of the new 
diversion channel (undesirable) 

• Improvements in dissolved oxygen and salinity 
levels (close to modelled predictions) in the 
middle and upper estuary  

• Increases in the range and density (from 122 to 
1303 per square metre) of tuangi (cockles) 
Austrovenus stutchburyi at Papahikahawai 
Creek monitoring sites  

• and increases in macrofauna diversity and 
abundance in the middle and upper estuary. 
 

4. Summary 
The estuary, that defines the identity of Maketū, has 
been in decline for a number of decades such that 
its ecological functioning had deteriorated, and life-
supporting capacity was significantly compromised.   
 
Estuarine and riverine environments are dynamic 
with complex interactions meaning the design and 
environmental assessments undertaken required 
collaborative input from a broad range of 
engineering, environmental, social and cultural 
specialists along with tangata whenua and 
stakeholders.  Overlaid on this were a series of 
competing values and interests.  
 
Project success was due to the commitment of 
Council, the project team, tangata whenua and the 
community to meaningful engagement and a true 
willingness to listen. 
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Abstract 
Chevron export Liquified Natural Gas (LNG) from their Gorgon LNG Terminal at Barrow Island, Western 
Australia.  To ensure the safe mooring of LNG carriers (LNGCs) and condensate tankers, HR Wallingford 
developed a web-based, operations decision support system, known as the BOAT (Barrow Operability 
Assessment Tool), which incorporates HR Wallingford’s long-established fully dynamic mooring analysis 
software SHIPMOOR.  The Terminal Operations Team uses BOAT in advance of all ship arrivals to determine 
the feasibility of safe operations, from ship arrival to departure, and in conjunction with forecast metocean 
conditions.   
 
BOAT utilises regular forecasts of the local weather conditions and cloud computing to reduce the time required 
to complete the fully dynamic mooring analysis, which takes into account the complex, multi-component wave 
conditions at the site.  This ensures that accurate mooring assessments can be undertaken as often as 
required and within days or hours of the specific ship’s impending arrival.  This also means that short term, 
and so, more accurate metocean forecasts for wind, wave and current conditions can be used.  Metocean 
forecast data is uploaded directly from forecast bulletins, which also uses data from the terminal’s on-site 
metocean buoy.   
 
BOAT allows the user to configure individual hydrodynamic ship models and mooring layouts.  The dynamic 
mooring assessment then predicts the forces acting on the moored ship, so allowing the resulting ship motions, 
mooring line and fender loads to be examined.  The results are automatically checked against safety thresholds 
specific to the Gorgon LNG Terminal, based on internationally accepted guidance, such as that published by 
OCIMF and SIGTTO.  
 
In practice, using BOAT has aided the Gorgon LNG Terminal Team in decision making for the safe mooring 
of ships at the terminal, particularly in the winter season where metocean conditions can be at their most 
onerous.  In addition, the web-based application provides a user-friendly graphic user interface for evaluating 
model inputs and results.    
 
Keywords: ships, mooring, LNG, cloud computing. 
 
1. Introduction 
Chevron export Liquified Natural Gas (LNG) from 
their Gorgon LNG Terminal (Figure 1) at Barrow 
Island, Western Australia. To ensure the safe 
mooring of LNG carriers (LNGCs) and condensate 
tankers, HR Wallingford developed a web-based, 
operations decision support system, known as the 
BOAT (Barrow Operability Assessment Tool), which 
incorporates HR Wallingford’s long-established fully 
dynamic mooring analysis software SHIPMOOR.  
The Terminal Operations Team uses BOAT in 
advance of all ship arrivals to determine the 
feasibility of safe operations, from ship arrival to 
departure, and in conjunction with forecast 
metocean conditions.   
 
Chevron approached HR Wallingford to develop 
BOAT to aid decision making for the Terminal 
Operations Team at Gorgon for their two berths, 
known as the East Berth and the West Berth 
(Figure 1).  

 
Figure 1   Satellite image of Gorgon LNG Terminal, West 
Berth (left) and East Berth (right) (Source: Google Earth). 
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2. Development requirement 
During the development of the terminal, 
HR Wallingford carried out a series of mooring 
studies to determine mooring arrangements and 
operational environmental thresholds for LNGCs 
and condensate tankers.  Results from these 
studies included environmental thresholds 
comprising maximum wind and wave conditions for 
adequate mooring, for a range of ship type and 
sizes.  These studies used HR Wallingford’s 
existing industry standard dynamic mooring 
analysis software SHIPMOOR.  
 
From the initial studies, HR Wallingford produced an  
initial decision support tool which used all of the 
results from the previous detailed ship mooring 
analyses undertaken.  The tool was successfully 
implemented, but there were some limitations in the 
wind directions that could be represented, so 
selecting the nearest direction or velocity was 
required.  This meant that in some cases, there was 
an indication that berth operability limits may be 
exceeded, when they would not be in reality.   
 
With the terminal operational, and the desire to 
safely increase the operability window for ships 
alongside the berth, Chevron requested 
HR Wallingford to provide a flexible operations 
decision support tool.  The tool would allow the 
Terminal Operations Team to assess mooring 
feasibility for every ship that calls at the facility, as 
every ship has different dimensions and mooring 
equipment. 
 
BOAT was developed to use specific data for each 
ship, along with an accurate forecast of the 
environmental conditions during the time the ship 
was planned to be alongside the berth.  This allowed 
sufficient planning for every ship call at the terminal.  
 
3. Tool structure 
There are the three main elements that make up the 
structure of BOAT, as follows: 
• Graphical User Interface (GUI) 
• SHIPMOOR dynamic mooring analysis 
• Cloud computing. 
These are described in more detail in the following 
sections.  
 
3.1 Graphical user interface (GUI) 
A clear, user friendly GUI was developed for use by 
the Terminal Operations Team, allowing the user to 
input the ship and mooring arrangement 
parameters.  An example is shown in Figure 2.  The 
GUI was set up to include accounts for different 
access levels from ‘observer’ to ‘administrator’ to 
control access to various levels of the tool. The 
functionality of the GUI is explained in more details 
later in this paper. 
 

3.2 SHIPMOOR dynamic mooring analysis 
The dynamic mooring analysis is performed using 
HR Wallingford’s SHIPMOOR tools.  SHIPMOOR is 
an established suite of computational models, which 
has been developed and used by HR Wallingford 
over the last 40 years to perform fully dynamic 
mooring analysis to simulate moored ship response 
to various wave conditions, wind, currents and the 
effects of passing ships. 
 
The first stages of dynamic response are to 
calculate the dynamic wave forcing sequence.  For 
this HR Wallingford used its UNDERKEEL model 
which forms part of the SHIPMOOR suite of tools. 
UNDERKEEL calculates the first and second order 
wave effects.  The first order effects are determined 
by using standard linearised wave theory with 
potential flow applied in the frequency domain (i.e. 
regular waves) to represent the behaviour of waves 
and water flows in the vicinity of the ship.  This is 
implemented in conjunction with a strip or slender 
body theory treatment of boundary conditions at the 
hull adapted to allow accurately for flows 
underneath the keel.  All six components of the 
vessel’s motion are computed (three translational, 
three rotational), and all components of wave force 
and moment.  The second order part of the model 
then computes the long period, second-order wave 
forces acting on a ship, and is typically used in 
conjunction with the first order part of the  model.  It 
reproduces the full range of wave, wave-induced 
flow and wave force phenomena represented in the 
first-order model, but extended to second-order. 
The second-order forces are important because the 
horizontal motions of a large moored ship are 
typically dominated by low frequency components. 
The velocities of these long period, slow drift 
motions are low, but the distances moved can be 
significant.  Second-order forces can often be the 
predominant cause of low frequency excitation, 
particularly at berths that are relatively exposed to 
relatively long period wave action, such as the 
Gorgon LNG Terminal.  
 
SHIPMOOR is the final model of the suite, which 
computes the movement of the moored ship 
subjected to the environmental effects, and the 
subsequent mooring forces.  Wave force time 
histories derived from the UNDERKEEL model, and 
calculated to reflect realistic wave conditions with 
realistically specified spectra, are taken as input. 
SHIPMOOR also takes as input data on vessel 
mooring lines and fenders, the ship’s mass 
properties (such as the moments of inertia, 
metacentric heights, buoyancy coefficients) and the 
wind and current components.  The movement of 
the ship is modelled in all six modes of motion 
(surge, sway, heave, roll, pitch and yaw).  The 
resulting motion and mooring force histories are 
analysed spectrally, and for maximum and minimum 
values. 
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Figure 2   Example of the GUI within BOAT 

These models have been validated and verified 
over many years by comparison with physical model 
test results and full scale field measurements 
(Reference 1), and have been applied extensively 
over the last 40 years for all types of ships and 
berths. 
 
3.3 Cloud computing 
SHIPMOOR has historically been run using local 
arrays of computing hardware, but with recent 
advances in cloud computing this was found to be 
an advantage.  Cloud computing has allowed 
SHIPMOOR to utilise cloud based CPUs which 
mean resources can be scaled up or down as 
required.  As a consequence, model runs that used 
to take many hours are now completed in minutes. 
This method also allows for reliable interaction with 
the GUI, allowing new model configurations to be 
created by the Terminal Operations Team without 
assistance from HR Wallingford’s ship mooring 
experts. 
 
4. Tool inputs  
4.1 Ship model configurations 
As with any fully dynamic mooring analysis system, 
the hydrodynamic properties of the vessel, for 
example the coefficients relating to the ship 
response in waves, must first be determined. 
 
When developing BOAT, HR Wallingford calculated 
the hydrodynamic properties of the ships that had 
previously been identified to be compatible with  

Gorgon LNG Terminal.  These properties were 
stored in the cloud and so are easily accessible 
when configuring ships and mooring layouts.  New 
hydrodynamic ship models can also be created in a 
straightforward manner when required.  Data 
storage in the cloud is also used to allow for fast 
calculations of mooring response.  
 
Due to the way that the BOAT tool works, the 
Terminal Operations Team are only required to 
input the basic ship parameters, with BOAT 
calculating the more complex hydrodynamic 
parameters.  The basic ship parameters that are 
input to BOAT include: 
• Ship dimensions and hull type 
• Cargo containment type, for selection of wind 

force coefficients 
• Exposed windage areas of the ship 
• Mooring equipment on the ship, for example 

mooring line and tail materials, strengths, and 
locations of fairleads/chocks and winches.  

 
4.2 Mooring configurations 
The Terminal Operations Team configure the 
mooring arrangement and basic ship information 
using a static mooring tool, prior to uploading to 
BOAT. This is uploaded within the GUI.  A graphic 
representation of the mooring layout is then 
included in the output report from each simulation, 
as shown in Figure 3, to allow it to be checked.  
 
The user can select one of the two berths at the 
Gorgon LNG Terminal to use (West Berth or East 
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Berth), and the ship’s mooring orientation at the 
berth. 
 
Typically, the ships are moored with their bows 
facing outbound, on a southerly heading. 
Operationally, berthing with the ship’s bow facing 
outbound results in a more straightforward 
departure manoeuvre.  However, the alternative, 
bow-in mooring orientation may prove more 
favourable for mooring in some environmental 
conditions.  Hence, BOAT can be used to assess 
multiple configurations for the same ship to enable 
the optimum mooring layout for safe mooring to be 
determined. 
 

 
Figure 3   Graphic representation of a ship’s mooring 
configuration within BOAT, East Berth 

4.3 Metocean forecasts 
At present, the Australian Bureau of Meteorology 
(BoM) provides metocean forecasts for the terminal 
twice a day, which are loaded directly into the BOAT 
tool.  The forecasts are generated from 5 days 
ahead, with increasingly accurate forecasts being 
generated as the planned ship arrival approaches.  
 
These forecasts provide details of the likely wind 
and wave conditions, including multiple wave 
components such as wind sea and swell.  
Significant wave heights, peak periods and 
directions are input to BOAT for the mooring 
assessments.  Allowances for wind gusting are also 
included in the metocean forecasts. 
 
The forecast wind and waves are supplemented by 
predicted current flows from HR Wallingford’s 
detailed flow model of the site, which is updated on 
an annual basis.  
 
Using an accurate, up to date forecast allows the 
Terminal Operations Team to have an appropriate 
prediction of the conditions the ship is likely to 
experience once moored alongside the berth for 
loading LNG or condensate. 
 
5. Using BOAT 
Prior to a ship arriving at Gorgon LNG Terminal, the 
Terminal Operations Team use a web browser to 

log into BOAT.  They ensure that the relevant ships’ 
mooring configurations are active and any number 
of ships can be active depending on Chevron’s 
shipping schedule.  
 
For every set of forecast conditions that is 
generated, BOAT tool automatically performs a fully 
dynamic mooring analysis for the relevant ships and 
their mooring configurations.  The results are the 
forces acting on the moored ship, so allowing the 
resulting ship motions, mooring line and fender 
loads to be examined. 
 
Therefore, if onerous weather conditions are 
forecast, such as strong winds or large wave 
conditions, the scheduled ship arrivals can be 
assessed for advanced warning of potential 
mooring issues.  
 
The mooring feasibility is examined relative to 
terminal specific and industry standard safety 
thresholds, such as those from internationally 
accepted guidance of OCIMF (Reference 2) and 
SIGTTO (Reference 3).  The forces on the mooring 
lines, Quick Release Hooks (QRHs) and fenders, 
and the ship motions, are automatically checked 
against the criteria.  
 
5.1 Tool outputs 
By using cloud computing, a full mooring analysis 
run generally takes a few tens of minutes to 
complete and output a set of results, in practice.  
 
The output is in the form of a summary report of 
results, which is emailed to each user and which 
provides the maximum mooring line and fender 
forces for each timestep in the metocean forecast.  
A graphical presentation, summarising the outputs 
are also included, to enable a rapid assessment of 
the situation, as shown in Figure 4. 

From top to bottom Figure 4 shows the maximum 
mooring line forces, maximum fender forces, 
significant wave heights, all with respect to the time 
of the forecast. 

A more detailed set of results is also produced in a 
spreadsheet format for every simulation run, which 
includes the maximum forces for each individual 
mooring line and fender, as well as the ship motions 
at the berth.  This can be automatically downloaded 
from the summary results email that is received by 
each user, as well as displayed within the GUI on 
the web browser.  
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Figure 4   Example of output summary graphs from BOAT

5.2 Decision making 
The Terminal Operations Team use the BOAT 
output in their decision making when planning the 
shipping movements and schedule.  This has 
proved to be of particular importance in the winter 
period, when typically strong easterly wind and 
wave conditions can produce onerous conditions at 
the berths.  
 
In the event that the forces or ship motions exceed 
the limiting criteria for a given ship in a particular 
forecast, this is highlighted to the user.  The 
Terminal Operations Team can then make a 
decision on whether the LNG/condensate ship can 
safely moor alongside during the weather event.  
The Team may wish to delay the arrival of the ship 
to avoid the weather event, or even bring it forward 
to ensure the ship can be safely loaded whilst 
avoiding the weather event.  
 
Alternatively, BOAT can be used to determine if 
additional mooring lines can be deployed to ensure 
safe mooring for the weather event.  BOAT can also 
be reconfigured to conduct the dynamic mooring 
analysis with the same ship on the adjacent berth, 
or with alternative mooring line tails if available.  
This may also assist with generating a safe mooring 
configuration for the weather event. 
 
The effectiveness of these different configurations 
can be rapidly tested within BOAT, to aid the 
decision making process in the critical time frame.     
 
6. Comparison with real data 
Chevron have been using BOAT since 2019 and 
have compared the results with real data collected 
during this time. 
 
The data collected includes the forces on the QRHs 
mounted on the dolphins, which are fitted with strain 
gauges and so measure the forces acting on them 

from the mooring lines.  In 2020 the forces in the 
QRHs were compared to the predicted forces from 
BOAT for a small number of LNGCs and 
condensate tankers.  The maximum recorded 
forces were well represented by the model.  
 
Example comparisons are shown in Figure 5 and 
Figure 6, which each show recorded force data for 
two mooring lines (at one QRH), versus the 
maximum mooring line forces for the same lines in 
BOAT, for the duration of a condensate tanker 
loading at one of the Gorgon LNG berths.  The peak 
forces recorded in the real data were within 5% of 
the peak forces recorded in BOAT, and in many 
cases a closer match was observed. 
 
Simulations in BOAT are run with both a ballast 
condition and laden condition for condensate 
tankers.  The actual draught of the ship will increase 
through the time the ship is at the berth, as it is 
loaded with cargo.  As a result, the forces on the 
QRHs in reality can be expected to have a closer 
match to the ballast case in BOAT early on in the 
timeframe, and a better match with the laden case 
later on in the timeframe.  
 
By modelling the two extreme draughts at the berth, 
there will be some variation in forces while the ship 
is being loaded at intermediate draughts.  Despite 
this, the results show a good comparison.  For 
LNGCs, the draught variation between a ballast and 
laden draught ship is typically in the range of 2.0m 
to 2.5m, resulting in a closer match of forces 
experienced.  As a result, only the forces in ballast 
condition were calculated.    
 
It has been determined that the comparisons show 
a good match, particularly when taking into account 
potentially small differences between the forecast 
metocean conditions and recorded conditions. 
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Figure 5   Example of comparison of forces acting on the QRH at MD1 between BOAT (black and grey lines) and real data 
(red and yellow lines) for the same time period.

 
Figure 6   Example of comparison of forces acting on the QRH at MD6 between BOAT (black and grey lines) and real data 
(blue and green lines) for the same time period.

7. Summary 
The Terminal Operations Team at Gorgon LNG 
Terminal continue to use BOAT to assess mooring 
configurations and mooring feasibility for every ship 
that calls at the terminal.  
 
In practice, BOAT is most helpful to assist with 
decision making for ship mooring in the winter 
season (June to August), and in the summer season 
(December to March) when cyclones are more 
common in the area, and when, generally, more 
onerous environmental conditions are present.  
 
Being able to use BOAT to aid decisions before the 
ship’s impending arrival allows the Terminal 
Operations team to make an informed decision on 
mooring feasibility with accurate forecasts of the 
environmental conditions and ship mooring 
performance.  
 
It is anticipated that other terminals will also benefit 
from being able to use a tool similar to BOAT for 

rapid ship mooring assessment during operations, 
for every cargo export/import. 
 
There is potential for future improvements to the 
forecasting accuracy of metocean conditions at the 
site, with recorded data being fed back to the 
forecast conditions using machine learning.  This 
would have a positive effect on BOAT with a closer 
match of forecast and real conditions resulting in a 
more realistic mooring simulation.   
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Abstract 
Coastal regions with high population density and urban development are often subject to deleterious 
environmental impacts resulting from overlapping and complex anthropogenic stressors. Preparation of 
Environmental Impact Assessments (EIAs) in such settings can therefore be challenging. Numerical models 
are often developed as part of an EIA process to assist in addressing these challenges. This paper reports on 
the development and multiple deployments of such a three dimensional hydrodynamic, sediment transport and 
water quality model of Cockburn Sound, Western Australia. The model was originally developed to support 
decision making for the location, planning and impact assessment of the proposed expansion of an existing 
seawater desalination plant. Following an extensive data review, the peer reviewed model was calibrated and 
validated against agreed model performance metrics over seven historical representative climatic conditions. 
The validated model was then used to simulate ten scenarios to assess the environmental impact of alternative 
design options and operational controls. The model has since been modified and used for: 1) assessing the 
impacts on flushing patterns in Cockburn Sound of various access channels and port design options for a 
proposed regional port and 2) predicting the discharge footprint and design necessary management response 
to emergency discharge scenarios from a wastewater treatment plan operating in the area. The model’s use 
in supporting the understanding of separate, yet related, impacts is described within the overall context of the 
changing way in which numerical tools will need to adapt to the requirements around the preparation of the 
next generation of Digital EIAs. 
 
Keywords: Digital EIA, coastal ecosystem, numerical model, sustainable development, Cockburn Sound. 
 
1. Introduction 
Coastal regions, characterised by high population 
density, are often subject to a long history of urban 
development, major engineering works resulting in 
modifications to the natural coastline, eutrophication 
due to increased nutrients from catchment runoff, 
wastewater and industrial discharges from multiple 
locations resulting in marine ecosystems in a critical 
state. Finding a way towards resolving these issues 
is compounded by competing interests from multiple 
stakeholders such as social and cultural groups, 
recreational users, commercial fisheries and 
aquaculture. 
 
Environmental Impact Assessments (EIAs) for new 
or modified developments in such settings are  
particularly challenging. EIAs often focus on the 
potential impacts from individual projects rather 
than considering the system as a whole, and 
cumulative impacts of multiple developments can 
be potentially underestimated. Numerical models 
developed to support the EIA process for urbanised 
coastal environments can be useful tools to improve 
understanding of cause effect pathways and can be 
extended to include multiple stressors to assess 
cumulative impacts. Furthermore, numerical 
modelling tools can be used to support the 

digitisation of Environmental Impact Assessments 
(EIAs).  
 
This paper describes the development and 
implementation of an integrated numerical model 
used in multiple EIAs prepared in relation to 
Cockburn Sound, which is a small semi enclosed 
embayment south of the city of Perth, Western 
Australia.  Three case studies are described: 1) 
environmental approval of a proposed Perth 
Seawater Desalination Plant II (PSDP2), 2) design 
and planning for a port development and 3) 
prediction of impacts from an emergency 
wastewater discharge.   
 
2. Cockburn Sound 
Cockburn Sound is a semi-enclosed embayment 
protected by Garden Island and a shallow sill at the 
northern entrance from wind waves, oceanic swells 
and limited influence by astronomic tidal movement 
[1]. As a result, the hydrodynamics and mixing 
regimes are dominated by local winds as well as 
atmospheric heat exchange, differential heating and 
evaporation with adjacent waters [2], continental 
shelf waves [3] and the earth’s rotation [1]. The 
embayment is split into a deep central section 
(depths 17.0 - 22.0 m) and shallow nearshore area 
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(depths of 0 - 12.0 m) with shipping channels 
providing access to local industrial berths.  
 
In summer, southwesterly and southerly sea 
breezes when combined with convective cooling at 
night are generally sufficient to maintain a well-
mixed water column and favour a northward flow out 
of the embayment [1] switching during storms to 
directional wind driven flows. During calm autumn 
periods where warm temperatures and reduced 
mixing lead to stratification, corresponding episodes 
of low dissolved oxygen can develop. Winter 
months are generally characterised by episodic 
storms and increased freshwater inflows. 
 
A recent assessment of environment drivers, 
pressures, state, impacts and responses in 
Cockburn Sound identified a need to develop 
integrated models linking interactions within and 
between ecological and social components of the 
environment to help decision makers target future 
management actions [4]. The report listed the 
following features of Cockburn Sound identified as 
driving the need for a coordinated response to 
environmental management [4]:   
 

• A semi-enclosed waterbody, relatively 
protected from wind and wave action leading to 
to poor flushing conditions. 

• One of the most intensely used marine areas in 
Western Australia. 

• Used by commercial and recreational fisheries, 
sensitive breeding ground for fish and other 
marine animals. 

• An established industrial hub with multiple 
discharges, ports and a desalination plant 

• Location of a number of proposed major 
developments (Perth Seawater Desalination 
Plant II and Westport) 

• Adjacent the rapidly developing urban centre of 
Rockingham  

• Subject to a number of pressures and stressors 
and has a history of environmental degradation 
(particularly eutrophication) 

• An area of cultural significance to the Beeliar 
Nyungar known as Derbal Nara 

 
Furthermore, because of its unique status and 
importance as an industrial and social resource, it 
has attracted its own mandated management 
framework (the State Environmental Policy for 
Cockburn Sound [7]). 
 
3. Model development 
The model package was selected to service a wide 
range of potential applications.  Hydrodynamics are 
modelled using TUFLOW FV 
(https://www.tuflow.com/products/tuflow-fv/). 
TUFLOW FV is a three-dimensional (3D) numerical 
hydrodynamic model applying 3D Reynolds-

Averaged Navier Stokes (RANS) equations with 
hydrostatic and Boussinesq assumptions. The 
model is suitable for simulating a wide range of 
hydrodynamic systems ranging in scale from open 
channels and floodplains, through estuaries to 
coasts and shallow oceans. 
 
The Aquatic Ecosystem Model v.2 (AED2) can be 
used to model biological and chemical processes 
such as atmospheric oxygen exchange, sediment 
oxygen demand, microbial consumption of organic 
matter nitrification, denitrification, photosynthetic 
oxygen production and respiratory oxygen 
consumption, and respiration by other optional 
biotic components [9]. In this study the process of 
atmospheric exchange and sediment oxygen 
demand were incorporated into the model to 
simulate dissolved oxygen dynamics of Cockburn 
Sound. 
 
OpenFOAM (Open Field Operation and 
Manipulation) was adopted as the computational 
fluid dynamics (CFD) modelling tool to simulate the 
performance of desalination outfall diffusers [2]. 
 
To simulate fate and transport of wastewater 
discharge plumes, tracers were added to the point 
source discharge outfalls and used to simulate key 
pathogens.  The pathogens were modelled as 
tracers in TUFLOW FV using a decay rate and 
settling velocity representative of natural die off after 
discharge. 
 

Figure 1   Hydrodynamic model extent and bathymetry 
full domain covering 400km of coastline. 
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3.1 Domain, mesh & bathymetry  
The hydrodynamic model domain extends from 
Cape Naturaliste in the south to Cervantes in the 
north, covering approximately 400 km of coastline 
(Figure 1). Offshore the model extends 
approximately 140 km into the Indian Ocean to 
depths greater than 4,000 m.  The model consists 
of 16,014 horizontal mesh cells with characteristic 
dimensions varying from approximately 9.0 km at 
the offshore boundary to 50 m around areas of 
interest within Cockburn Sound (Figure 2). A 10 m 
digital elevation model (DEM) was generated for the 
study area from a range of data sources (WA 
Department of Transport, Fremantle Ports, 
Geosciences Australia and General Bathymetric 
Chart of the Oceans). 
 

Figure 2   Hydrodynamic model mesh and bathymetry 
detail illustrating shipping channel and discharge location. 

 
3.2 Boundary forcing l 
Boundary conditions were set using the following 
ambient forcing: 
 

• Tidal boundary condition data (1/30º resolution) 

sourced from the global tidal model TOPEX 

(TPX08-atlas [6]).  

• Regional currents (e.g. Leeuwin Current), 

residual water levels, temperature and salinity 

boundary conditions from the global climate 

model HYCOM. 

• Wind data from the NCEP Climate Forecast 

System Version 2 (CFSv2). 

• Radiation, precipitation and humidity data from 

the US National Centers for Environmental 

Protection (NCEP) Climate Forecast System 

Reanalysis (CFSR) model.  

• Air temperature from the Bureau of Meteorology 

Garden Island Station. 

• Swan River inflows based on flow data from the 

Walyunga gauge increased by 1% to account 

for catchment inflows downstream of the gauge. 

 
Further details on the numerical model configuration 
and forcing are referenced in [1]. 
 
3.3 Calibration and validation methodology 
In consultation with an appointed five-person 
independent Peer Review Panel (PRP) and 
following a review of historical data and previous 
modelling studies, the following seven 
representative climatological simulation periods 
were chosen for calibration and validation of the 
hydrodynamic and dissolved oxygen model against 
historical observed data: 
 

• Winter to Spring 2006 

• Summer to Autumn 2007 

• Sumer to Autumn 2008 

• Winter to Spring 2008 

• February to April 2011 

• February to April 2013 

• October to November 2015 
 
These climatological simulation periods were 
selected to represent a range of typical seasons as 
well as hydrodynamic responses to extreme 
weather conditions. 
 
In combination with ocular inspection, model 
predictive skill was also tested statistically with 
calculations of the Index of Agreement (IOA), Mean 
Absolute Error (MAE), and Root Mean Square Error 
(RMSE). 
 
In the first application of the Cockburn Sound model 
for Case Study 1: PSDP2, a total of 883 model 
performance criteria were selected by the PRP to 
compare model hindcast outputs to observed data 
to cover: 
 

• Water levels, current speed and magnitude, 
internal waves motions with particular reference 
to exchange process across the northern 
entrance of Cockburn Sound. 

• Temperature salinity and dissolved oxygen 
profiles for offshore, deep waters, nearshore 
and shallow regions. 

• Fate and transport of existing PSDP1 
discharge. 

• All seasons summer, autumn, winter and 
spring. 
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4. Case study 1: PSDP2 
4.1 Background 
A drying climate in southwestern Australia has 
prompted exploitation of new sources of potable 
water as rainfall supply fails to meet demand.  
Desalination was first added as a source to Perth’s 
integrated water supply scheme with the 
construction of the Perth Seawater Desalination 
Plant in Kwinana in 2006.  A second plant (PDSP2) 
adjacent to the existing facility is being proposed to 
increase Perth’s total water supply.  This case study 
examined the impact of the potential for the 
proposed plant’s saline return water discharge into 
to Cockburn Sound. 
 
4.2 Purpose 
The TUFLOW FV model was used to: 
 

• Determine a suitable location for the outfall to 
achieve environmental criteria and avoid 
recirculation. 

• Aid planning on construction methods. 

• Determine appropriate environmental 
management zones.  

• Confirm the discharge will meet environmental 
criteria.  

• Inform the broader Environmental Impact 

Assessment (EIA) process. 

• Guide location of the PSDP2 outfall to 

preferably eliminate interference / intersection 

with the existing PSDP1 outfall plume, and 

avoid impact on the PSDP1 seawater intake. 

• Guide location of the PSDP2 seawater intake to 

avoid/minimise risk associated with 

recirculation of discharges from the PSDP1 and 

PSDP2 outfalls and other industrial discharges. 

• Impact of PSDP2 intake on survival of snapper 

larvae following spawning event in Cockburn 

Sound. 

 

4.3 Results 
The model successfully resolved the surface-
bottom water density differences that occur 
naturally across the entire deep basin and generate 
stratification in Cockburn Sound [1].  These density 
differences were more pronounced in autumn than 
the other seasons.   
 
The study showed that current desalination 
discharges were predicted to have a relatively minor 
influence on density gradients relative to natural 
mechanisms. Model predictions indicated that the 
proposed PSDP2 expansion of desalination 
discharges were not expected to have an additive 
effect on density gradients above the effect of the 
existing discharges.  However, the discharge brine 
was predicted to potentially impede oxygen 
replenishment at times. 

 

Figure 3   Example of EIA model output: median salinity 
increases following addition of PSDP2 operating at 

50GL/year (2A), 25GL/year (2C), 25GL/year with pre-
dilution (2D) compared to existing operational conditions 

for PSDP1 of 45 GL/year (1A). 
 
4.4 Outcome 
The model was used to support an environmental 
impact assessment for construction and 
subsequent operation of a second seawater 
desalination plant.  During the study model results 
were delivered to Water Corporation and the PRP 
in an interactive web based platform that included 
scenario impact maps similar to the example 
depicted in Figure 3. This form of digital delivery 
enabled the client and reviewers to assess impacts 
and provide feedback during the course of the study 
and highlighted the benefit of moving towards 
Digital EIAs for future development projects. The 
study determined that potential impacts from 
construction and ongoing operations can be 
managed and state mandated environmental and 
social values maintained.  Understanding of natural 
stratification and oxygen dynamics in Cockburn 
Sound while not an objective of the modelling study 
was a scientifically valuable contribution to 
environmental management of the ecosystem. 
 
5. Case study 2: Westport Design Options  
5.1 Background 
The Westport Taskforce (Westport) developed the 
Westport Port and Environs Strategy to provide 
guidance to Government on port, rail, road and 
intermodal facility needs for the next 50 to 100 
years.  Three stand-alone ports in Cockburn Sound 
and two shared Fremantle/Cockburn Sound port 
options were identified as the preferred options [10].  
Each option considered by the Taskforce would 
require changes to Cockburn Sound marine 
environment including upgraded shipping channel 
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access at the northern end and construction of port 
infrastructure on the eastern shore of the Sound at 
Kwinana. As channel modification and infrastructure 
development would inevitably alter the circulation 
and environmental conditions of Cockburn Sound, a 
modelling study was commissioned to examine the 
impact of proposed options on flushing and 
circulation regimes. 
 
5.2 Purpose 
The model was used to: 
 

• Quantify the effects of proposed options for 
access channels on Cockburn Sound’s overall 
circulation. 

• Quantity the effects of the proposed port options 
on Cockburn Sound’s overall circulation and 
nearshore flushing rates. 

• Provide information that could be used to 
support a Multi Criteria Analysis of the port 
options. 

 
5.3 Results 
The model demonstrated that any upgrade of the 
existing shipping channel across Parmelia and 
Success Banks will reduce flushing times within the 
deep basin of the Sound.  Construction of an 
additional channel further reduced flushing times 
across a large portion of the deep basin of the 
Sound relative to an upgrade of the existing 
channel. 
 

Figure 4   Example of Westport Design Options flushing 
study showing model results based on the deepening and 
widening of the existing channel to 18.8m depth and 
220m wide. 
 
Land-backed port options resulted in the lowest 
disruption to the flow connectivity between the deep 
and the eastern shallow basins of Cockburn Sound. 
 
Changes to the northern access channels or the 
proposed port layouts resulted in negligible changes 

of near bed currents within the deep basin of 
Cockburn Sound as predicted by the model. The 
most significant changes to velocity magnitude and 
direction were nearest to the proposed port 
infrastructure. 
 
5.4 Outcome 
The model was used to predict how channel 
modifications will alter circulation patterns and 
flushing in Cockburn Sound to determine how those 
changes might impact on oceanographic and 
ecological processes.  The model was also used to 
assess potential risk of detrimental changes to 
flushing and circulation patterns due to 
infrastructure from various port design options.  The 
model, tailored for application to the preferred port 
design, is ready for rapid application towards 
environmental approvals once the pre-feasibility 
phase is complete. The adaptation of a readily 
available calibrated and validated model 
demonstrated the ability for port planners to 
consider environmentally sensitive design aspects 
in the planning stages with the added benefit of 
introducing time and cost efficiencies during the 
approvals process. 
 
6. Case study 3: Planning for emergency 

discharge options  
6.1 Background 
Water Corporation operates a water resource 
recovery facility (WRRF) at Woodman Point 
licenced to discharge treated wastewater to the 
ocean.  The Licence also includes two additional 
emission points, the Woodman Point Ocean Outlet 
and Jervois Bay (JB) Ocean Outlet, for discharging 
treated wastewater to Cockburn Sound during 
maintenance or emergency situations.  Emergency 
discharges are unplanned and unpredictable, so 
forward planning is a necessary part of WRRF 
management. Water Corporation commissioned 
BMT to model operational scenarios of emergency 
discharge to predict the extent of impact in the 
receiving waters of Cockburn Sound. 
 
6.2 Purpose 
The model was used to: 
 

• Determine the size of the discharge footprint for 
a series of spill scenarios 

• Design the necessary management response 
following emergency discharge (if required).   

 
6.3 Results 
Model predictions for each emergency discharge 
scenario were used to generate a defined area 
where Enterococci spp. concentrations were 
expected to exceed EPA [8] primary recreation 
contact criteria (>200 MPN/100 mL).  The size of the 
footprint was dependent on the duration of the 
discharge. The model predicted that even at lowest 
discharge flows and duration there was a risk of 
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elevated Enterococci spp. concentrations above the 
EPA guideline throughout the bay including near the 
shoreline.  Outside Jervoise Bay, exceedances of 
the EPA [8] criteria were predicted to interact with 
the shoreline after 5 days.  Enterococci spp. 
concentrations were predicted to exceed the EPA 
[8] guideline near an extended length of the 
shoreline in the 10-day scenario.  Scenarios 
incorporating diversion to Subiaco WWTP resulted 
in modest differences when compared to the full 
discharge scenarios. 
 

Each emergency discharge scenario generated a 
defined area where the EPA [8] seafood criteria 
(>14 CFU/100 mL) would be exceeded (Figure 5).  
The size of the footprint again depended on the 
duration of the discharge.  Outside Jervoise Bay, 
exceedances of the EPA [8] criteria were predicted 
to reach the boundary of the Woodman Point 
Shellfish Harvesting Exclusion Zone after around 
24 hours (80.5 ML total discharge).  Exceedances 
of the EPA [8] criteria were predicted to overlap the 
northern licenced aquaculture area after a period of 
between 2 and 5 days.  Scenarios incorporating 
diversion to Subiaco WWTP resulted in modest 
differences when compared to the full discharge 
scenarios. 
 
6.4 Outcomes 
The model was used to determine the spatial extent 
and duration of impact from a number of operational 
spill scenarios. Exploring alternative operational 
scenarios enables planners to prepare for and 
manage emergency discharges and spills ahead of 
time. Model output can also be used to plan for 
beach closures required to manage and protect the 
community from exposure to pathogens.   
 
7. Benefits of a standard model framework 
The principal benefit of developing a common 
model framework for Cockburn Sound is the 
collection, curation and analysis of relevant 

observed data, model configuration, bathymetry 
and climatological forcing, as well as model 
performance criteria required for simulation of future 
design planning and operational scenarios.  The 
coordinated compilation of information to support 
planning and EIAs builds an understanding that 
includes the totality of our knowledge of the system.  
A thorough understanding that ties impacts of 
engineering modifications of the built environment 
with the natural response of the marine ecosystem 
improves our capacity to manage Cockburn Sound 
as a resource among often competing interests. 

Furthermore, the integrated model framework 
approach has the potential to improve information 
availability, reduce the cost and time required to 
pursue projects and result in improved regulatory 
outcomes. 
 
The model framework presented here for Cockburn 
Sound includes three power station cooling water 
outlets discharging predominantly cooling water, 
two industrial outlets discharging cooling and/or 
some site water, the existing Perth Seawater 
Desalination Plant and a number of emergency 
discharges (including the Water Corporation outlets 
discussed here).  By capturing a range of potential 
stressors the Cockburn Sound model best 
considers cumulative impacts of new development 
in the context of the effects of these and other 
potential stressors. 
 
8. Next steps 
Any future EIAs for Cockburn Sound are likely to 
require the provision of a digital delivery component 
that uses visual aids and interactive data platforms 
to facilitate decision making and approvals.  To 
achieve that aim, it is necessary to make the model 
framework developed here widely available for use 
by managers and stakeholders.  The next steps to 
improve availability and ease of use of the Cockburn 
Sound model will be improved visualisation and 

Figure 5 Example of model output as part of planning for emergency discharge under three scenarios of four hours discharge 
(left), two days discharge (middle) and ten days discharge (right).  
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data analytics and incorporation of the Cockburn 
Sound model into a Digital EIA for Westport. 
 
Environmental Information Modelling (EIM) is an 
emerging field of study used to support sustainable 
development in sensitive marine environments. An 
EIM integrates across various data and analytical 
tools and is used to generate a digital 
representation or “virtual laboratory” of the marine 
environment to inform decision-making and form a 
key component of resource planning and EIAs for 
future development (Figure 6).  The outputs 
generated in this study including monitoring data 
used in calibration, forcing data used in generating 
representative climatological scenarios, model 
performance criteria used in assessing model 
hindcasts and model output are ideally positioned to 
form a key component in the generation of an EIM 
for Cockburn Sound. 
 

 

Figure 6   Numerical modelling framework developed as 
part of the planning and approvals process adapted for 
use as a key components of EIM or “digital twin” 
developed post construction for use in adaptive 
management decision making. 

 
The ongoing planning for the Westport development 
includes a large baseline monitoring and research 
component that will facilitate environmental impact 
assessment and fill key gaps identified by the recent 
assessment of environment drivers, pressures, 
state, impacts and responses in Cockburn Sound 
[4].  The information derived from the multifaceted 
data collection and research program will form the 
foundation of the EIM.  The extension and 
development of the validated and calibrated 
hydrodynamic and biogeochemical model will also 
form a key part of the EIM.  A user-friendly 
interactive data platform is being developed to store 
the large volume of different data and for 
subsequent management of the data. 
 
9. Summary  
Coordination and compilation of information to 
support planning and environmental impact 
assessment presently limits efficient sustainable 
development in Cockburn Sound.  An integrated 
model of the built environment and marine 
ecosystem response has been developed and 
applied to a number of resource and development 

projects within Cockburn Sound.  The common 
model framework approach presented here has the 
potential to improve information availability, reduce 
the cost and time required to pursue projects and 
result in improved regulatory outcomes.   
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Abstract 
Submarine landslides (SMLS) have the capability to trigger tsunamis that can be hazardous to coastal 
populations and oceanic infrastructure. SMLS-generated tsunami can have more localised impacts and higher 
run-up distances than that of seismically triggered tsunami making them more hazardous to nearby coastlines. 
The Perth canyon, located on the west Australian margin roughly 50 km offshore of Perth, is one of Australia’s 
largest submarine canyon systems. The canyon incises the continental shelf and is ~120 km in length, reaching 
depths up to 4000 m. Bathymetric data were used to assess the Perth canyon for potential tsunamigenic SMLS 
scars. Two large SMLS scars were identified near the mouth of the canyon at depths of ~2200 m. Slide lengths 
ranged from 1340 m to 7253 m and average thickness ranged from 219 m to 363 m thick. A total of five 
potential failure scenarios were identified within the two large submarine landslide scars present, with volumes 
ranging from 0.94 km3 to 10.34 km3. 
 
Through conservative calculations, the tsunami hazard to the adjacent coastline from these five SMLS 
scenarios was estimated. The results of this analysis indicate the adjacent coastline may be vulnerable to 
tsunami hazard caused by the failure of future SMLS of a similar volume in the Perth canyon.  Maximum 
estimated flow depths of up to 15 m were calculated for an assumed landslide velocity of 20ms-1. This paper 
identifies and maps the SMLS scars present in the Perth canyon, and assesses their tsunamigenic potential 
by calculating the associated hazard. With few studies on the SMLS triggered tsunami hazard for Australia, 
the results of this paper may be used as a first-pass study for further SMLS tsunami hazard assessment for 
the west Australian coastline. 
 
Keywords: submarine landslide, tsunami, hazard assessment, morphological assessment, Perth canyon 
 
 
1. Introduction 
Submarine canyons have been identified on nearly 
all margins around the world [45]. Canyon 
configuration has been attributed to several factors 
including geology, tectonism, sea-level variations, 
and sediment supply to the region [24]. Submarine 
canyon structure has been widely compared to 
fluvial terrestrial drainage systems [3,19,20,39]. The 
original theory for the formation of submarine 
canyons describes canyon formation being a result 
of density flows created by suspended sediment 
that erode a pre-existing depression which 
eventually results in  submarine canyon formation 
[11]. Many studies since have proposed various 
alternate theories for the formation process of 
submarine canyons [40,44]. These  studies all 
propose that canyons form primarily due to 
sediment mass flows that channelise into areas of 
heightened erosion resulting in continued wearing 
down and eventual canyon formation [6,38]. 
Submarine canyon morphology is known to be 
complex with processes occurring over varying 
temporal and spatial scales [12]. Submarine 
landslides (SMLS) are a commonly occurring mass 
wasting process within submarine canyons and can 
be the source of sediment flows and eroding 
currents [6]. 
 
SMLS have been identified on numerous 
continental margins around the world [46]. A SMLS 

is a displacement of sediment or debris driven by 
gravity where the downslope forces are greater than 
the forces that are acting to resist the mass-failures 
[36]. They typically begin to fail by extensional 
deformation in the upper part of the slide as 
sediment begins to move from its original position or 
source zone. The process then transitions to 
compressional deformation as the sediment 
increases in velocity and accumulates against itself 
and moves into the distal depositional zone [36]. 
The two most common types of SMLS are rotational 
and translational. The types differ in their glide plane 
morphology, which is the rupture plane from which 
the sediment has slipped from. The glide plane of a 
rotational slump presents a concave up shape, 
whereas a translational slide glide plane is planar 
[41,46]. SMLS are most-commonly found in 
locations where several factors that precondition 
slopes to fail are present. Such preconditioning 
factors include an inclined seafloor, rapid deposition 
of weakly consolidated sediments, slope erosion, 
glaciation, gas charging, presence of a weak layer 
and even anthropogenic activity [16,26,29,30]. 
Often, there are several ‘preconditioning’ factors 
that instigate a failure event as well as an external 
environmental stressor i.e. seismic event, large 
waves, or increased pore pressures  [16]. 
 
In addition to damaging to oceanic and coastal 
infrastructure [45], SMLSs have the potential to 
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trigger tsunamis [17,29,34]. These tsunami can 
cause more localised impacts and higher run-up 
distances than their seismically triggered 
counterparts [17]. The resulting wave refraction and 
diffraction patterns from a SMLS-generated tsunami 
are dependent on many factors such as length and 
width of slide, slide velocity, resulting tsunami 
speed, slide orientation, water depth, and 
bathymetry [47].  
 
SMLS-generated tsunamis have been documented 
along various margins throughout the world. 
Examples include the 1929 Grand Banks event 
which produced a wave height varying from 3-8m 
[13], the 1998 Papua New Guinea tsunami which 
resulted in over 2000 deaths [42], the 1979 Nice 
slide, where a section of the harbour extension slid 
into the ocean and created a tsunami that was 
observed to be up to 3 m and experienced most 
prominently 10 km from the slide site [1]. The most 
famous historic SMLS is the Storegga slide which 
occurred ~8200 years ago. The Storegga slide is 
the largest identified historic SMLS and is presumed 
to have caused a damaging tsunami, with deposits 
found up to 12 m elevation above sea level on the 
outer coast of Norway [4, 27]. 
 
Extensive research has been conducted on SMLS 
on the eastern margin of Australia [9,32,33], 
however, there has not yet been a study focused on 
identifying SMLS on the west Australian margin. 
Currently Western Australia’s Natural Hazard Risk 
Profile does not include the tsunami risk posed by 
SMLS’s on the margin [48], rather it only includes 
the risk associated with seismically triggered 
tsunami. The Perth Canyon resides just 50 km 
offshore of Perth, Australia [31]. In 2016, the greater 
Perth region had a population of over 1.9 million 
people. Businesses in the city of Perth are 
estimated to contribute > $80 Billion to Australia’s 
economy [8]. With a region comprising roughly 8% 
of the country’s population that also contributes a 
large amount to the economy [2], it is important to 
understand the potential tsunami hazard arising 
from SMLSs in the Perth Canyon as well as along 
the entirety of the western margin. 
 
This study is the first to assess the Perth Canyon to 
identify SMLS and conservatively assess the 
tsunami hazard risk to Australia’s western margin 
using identified historic SMLSs. This study aims to 
use empirical calculations to establish a first pass 
assessment of the SMLS generated tsunami hazard 
for the west Australian coastline. 
 
2. Study Area  
The study area is comprised of the Perth Canyon 
(Figure 1), a slope sourced canyon located on the 
west Australian margin, roughly 50 km offshore of 
Perth. The Perth Canyon is one of Australia’s 
largest submarine canyon systems being 

approximately 120 km in length and up to 4000 m in 
depth [18, 20] , with a surface area of 1505 km2 [37].  
The canyon has a series of ~90 degree changes in 
orientation and two arms that extend south from the 
main channel of the canyon with all three segments, 
close to 40km in length [28]. The shelf around the 
canyon experiences high-energy south to south-
west swell [10] and the main currents that interact 
with the canyon are the Leeuwin Current and the 
Leeuwin undercurrent which reaches depths of 
~350-800 m [10,43].  
 
The west Australian margin is a sediment starved, 
passive margin and the environment today is largely 
a result of a spreading center along the margin 
during the early Cretaceous when the Indian 
subcontinent separated from the Australian 
continent [18]. 

 
Figure 1: Study area showing regional geology (Data 
obtained from Geoscience Australia). Red outline 
showing the location of the Perth Canyon in relation to 
adjacent coastline. Source Layer Credits: Source: Esri, 
Maxar, Geo Eye, Earthstar Geographics, CNES/Airbus, 
DS, USDA, USGS, AeroGRID, IGN and the GIS User 
Community. 

3. Methods and Data Acquisition 
Bathymetric data, obtained from Geoscience 
Australia [14] were used to undertake the analysis 
in this study. Using the geographic information 
system (GIS) software, ArcGIS 10.7.1, bathymetric 
data tile SIH50 was manipulated to create a 
multibeam digital bathymetric model (DBM) of the 
Perth Canyon and the immediate surrounding 
region. These data were imported into Fledermaus 
7.8.1, a maritime visualization and analysis software 
package. An initial morphological assessment of the 
canyon was conducted with the primary objective to 
identify SMLS scars and other morphologies 
present in the canyon. For each SMLS scar 
identified, characteristics such as length, width, 
thickness and water depth at the center of mass 
were determined. The methods developed by Ward 
(2001) [47] and Chesley & Ward (2006) [7] were 
used to conduct a preliminary assessment to 
establish if the identified SMLSs had tsunamigenic 
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potential. These methods determine the maximum 
forecast flow depth at the adjacent coastline for any 
SMLS-generated tsunami. A SMLS velocity of 20 
m/s-1 was applied within these calculations as it is a 
velocity deemed to be reasonable throughout the 
literature [9, 13, 22]. Flow depth at the coastline 
(Fd(o)) is calculated using  

 
where Ao is the initially generated water elevation. 
P(r) is the propagation factor P at distance r from 
the source of the wave. This produces a 
conservative estimate of the flow depth at the 
coastline, where flow depth at the coastline is 
defined as the height of the tsunami at the coastline. 
 
(AoP(r)) is calculated using: 

 
where W is the width of the slide, Lref is a reference 
length (in this instance 1m is used), vs is the 
landslide speed, and vt is the tsunami speed at the 
landslide which is equal to �(𝑔𝑔ℎ𝑜𝑜) , where g is 
acceleration gravity (9.81m/s-2) and ho is the water 
depth at the center of the slide.  
 
Estimated volumes of the SMLSs were calculated 
using a thickness file for each SMLS scenario 
identified. To create the thickness file, a “pre-slide” 
bathymetry was interpolated over the current slide 
boundary using the 40 m resolution dataset in 
ArcGIS. The depth of the modern or current ‘post-
slide’ bathymetry was subtracted from the ‘pre-slide’ 
bathymetry depth to create a ‘thickness file’ for 
volumetric calculation. 
 
4. Results 
The assessment of the bathymetry revealed 
morphological features indicative of ongoing 
erosion and sediment shedding within the canyon 
(Figure 2). In some areas there is evidence 
indicating long term under cutting, resulting in 
sediment creep. Morphology at the head of the 
canyon suggests it is retreating upslope through 
continuous erosion and retrogression of the canyon 
walls (Figure 2, D) while the north wall near the 
canyon mouth is dominated by slide and slumping 
events (Figure 2, C). Two large rotational SMLSs 
were identified on the north wall of the Perth Canyon 
~23 km from the canyon mouth (Figure 2, B). The 
slides are herein referred to as the Perth Canyon 
North (PCN) slide and the Perth Canyon South 
(PCS) slide. From the bathymetry it is unclear if the 
failure of the PCN slide occurred over multiple 
stages or a single event, hence three potential slide 
sizes for the PCN slide, in addition to a singular slide 
in the upper left zone were identified. The potential 
slide scenarios for the PCN slide were termed PCN-
1, PCN-2, PCN-3, and PCN-4 with PCN-4 being the 
largest slide scenario (Figure 2, E and F). Only one 

slide scenario was identified for the PCS slide as the 
slide plane was more clearly defined. 
 
The two SMLSs identified within the Perth canyon 
are oriented almost exactly perpendicular to the 
adjacent coastline and are located ~96 km (PCN) to 
~97 km (PSC) offshore Perth in depths ranging from 
1900 m to 2200 m The PCN slides were found to 
have a large headscarp as high as 550 m in some 
areas with the PCS slide headscarp also up to 500 
m in height. Average width, length, and thickness as 
well as maximum thickness of each slide scenario 
are shown in Table 1. The differences between 
average thickness and largest thickness values vary 
greatly, however, all largest thickness values are 
over 100% larger than that of average thickness 
values. The largest thickness value of PCN-4 is 
more than 130% larger than that of the average 
thickness. Calculated volumes vary significantly, 
from less than 1 km3 to over 10.3 km3 (Table 1). 
 

 
Figure 2: Morphology of and SMLS scenarios identified in 
the Perth Canyon showing (A) study location with 500 m 
bathymetric contours, (B) close-up of identified SMLS, (C) 
erosion and slumping on the north canyon wall, (D)  
retrogression of sediment at the canyon head, (E) outlined 
slide boundaries  of each SMLS scenario and (F) 
thickness files of each adjacent slide scenario.

Fd(o) = [AoP(r)]4/5ho1/5 

 

AoP(r)=0.7345t[ 𝑊𝑊
𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟

][𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟
ℎ𝑜𝑜
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Table 1. Morphometric parameters extracted for each of the identified SMLSs. Average width and lengths were calculated 
from three  cross-sections and profiles along each SMLS. 

 
Table 2.Conservative calculations of maximum expected flow depth at coastline for both average and maximum observed 
thickness.  

Flow Depth Calculations Results Slide 
PCS PCN1 PCN2 PCN3 PCN4 

Maximum expected flow depth (average slide thickness) (m) 3.15 2.13 7.38 7.64 8.07 
Maximum expected flow depth (largest slide thickness) (m) 5.62 3.85 13.96 14.43 15.90 

Results from the conservative calculations varied 
greatly depending on the thickness value applied. 
When using the largest thickness value of the slide, 
the most conservative flow depth is calculated whilst 
a more probable flow depth is calculated when 
using the average thickness of the slide. Flow depth 
estimations when using maximum thickness ranged 
from 3.85 to 15.90 m. When applying the average 
thickness of the slide the estimated flow depths 
ranged from 2.13 to 8.07 m. 
 
The thickness of the slide appears to greatly impact 
the calculated maximum expected flow depth at the 
coastline. When the highest thickness value is used 
to calculate the maximum expected flow depth at 
coastline, there is an increase in the range of 
maximum expected flow depth of 78% (PCS) to 
97% (PCN4) (Table 2). 
 
Cross sections of all identified SMLSs within the 
Perth Canyon were normalised and compared to  
four east Australian SMLSs: the Birubi slide, the 
Bulli slide, Byron slide, and the Shovel slide (Figure 
3). These east Australian slides included in this 
paper range in thickness from 70 m (Birubi slide) to 
438 m (Bulli slide) [9, 33].  
 

 
Figure 3: Normalised cross-section of all five SMLS 
scenarios identified within the Perth canyon and four 
identified SMLS from the East Coast Margin.  

The eastern-margin slides tend to occur in 
shallower depths and have flatter cross-sections 
than those identified within the Perth Canyon. All 
identified slides within the Perth Canyon display 
classic U-shape cross sections, however, PCN-2, 
PCN-3 and PCN-4 have more rugged, uneven 
cross-sections whilst the PCS slide is the flattest of 
all identified slides. The slides identified within the 
Perth Canyon tend to have more pronounced minor 
scarps than those observed on the selected 
eastern-margin slides included in this paper.  
 
5. Discussion 
The morphology of the western margin is somewhat 
comparable to that of Australia’s eastern margin. 
Both margins are aseismic, passive margins, that 
are sediment starved and have little to none of the 
preconditioning factors associated with the 
extensive SMLS observed [5,18,20]. However, 
compared to Australia’s eastern margin, the south-
west margin has relatively few geomorphic features 
[20]. The comparison of slide cross-sections 
presented here show that all eastern-margin SMLS 
cross sections have maximum thicknesses less 
than that identified in the Perth Canyon. These 
slides all have a U-shaped cross section, similar to 
that identified in the Perth Canyon, however the 
slides identified in the Perth Canyon have more 
uneven cross sections and more defined minor 
scarps. The Shovel slide identified on the eastern-
margin splits into north and south segments on its 
runout which is unlike any identified slide in the 
Perth Canyon, suggesting that surrounding 
bathymetry can influence slide runout and 
morphology [22].  
 
The maximum expected flow depths at the coastline 
calculated in this paper are conservative estimates 
of the hazard potential posed by these historical 
SMLSs. Although conservative, the results from 
these calculations showed that a potential hazard is 
posed, and further modelling is required in this 
region. From the results, it appears that thickness 
greatly impacts the resulting expected flow depth at 

Slide Average width 
(m) 

Average length 
(m) 

Average 
thickness (m) 

Maximum 
thickness (m) 

Volume km3 

PCS 2545 1340 219 452 0.94 
PCN-1 1123 2120 324 677 2.56 
PCN-2 5196 1490 323 717 3.78 
PCN-3 5023 3130 358 793 5.93 
PCN-4 5182 7253 363 849 10.34 
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the coastline. This observation concurs with that of 
Clarke et al, 2019 [9]. Flow depth estimations when 
calculated using both average thickness and largest 
thickness are all over 2 m. Although a wave of 2 m 
may not seem dangerous or destructive, when the 
tsunami have long wavelengths and periods, these 
waves can be dangerous and destructive for 
infrastructure and people in coastal low-lying 
regions [25].  
 
The SMLS identified within the Perth canyon are 
oriented almost exactly perpendicular to the 
adjacent coastline hence the failure of the SMLS 
into the canyon and the orientation of sliding and 
surrounding bathymetry will likely influence the 
resulting wave amplitude patterns as was shown by 
[22]. The orientation of the slides close to the 
canyon mouth and the orientation of the canyon 
itself imply that the full effects of the resulting SMLS-
generated tsunami may not be felt along the coast 
that is immediately adjacent the SMLS itself. Due to 
the bathymetry of the Perth Canyon, the continental 
shelf, and surrounding areas, the low-lying land to 
the south of Perth is likely  to be the most vulnerable 
region to any tsunami generated by the SMLS 
identified within the Perth Canyon. Low-lying cities 
and towns such as Rockingham, Mandurah and 
Bunbury are likely the most vulnerable. 
 
Due to variability in topography and coastline 
features, the flow depth experienced along a 
coastline is likley to vary [22], further highlighting the 
potential danger and unknown risk of this hazard. 
While the Chelsey & Ward [7] and Ward [47] 
equations provide a conservative estimate of the 
flow depth at the coastline, it is important to note that 
results from these calculations do not account for 
the surrounding bathymetry, nor do they consider 
any deformation of the landslide. This limitation is 
important as it is known that landslide kinematics 
plays a role in tsunami generation [23] and that 
SMLS sediment deforms as it fails [15]. Clarke et al. 
[9] identified 260 individual SMLS with a width 
greater than 1 km between Jervis Bay and Fraser 
Island. Of these identified SMLS, 36 were 
calculated to potentially produce a tsunami with a 
flow depth in exceedance of 5 m at the coastline 
when a velocity of 20 m/s-1 was employed. Given 
the number of SMLS identified along just 1150 km 
along the east coast margin, it is possible that there 
are more SMLS scars on the western margin other 
than those identified in this study. 
 
To assess the tsunami threat more accurately to this 
coastline and allow more certainty in the associated 
hazard, modelling which considers the bathymetry 
and complexities of slide failure should be 
conducted such as 3D numerical modelling. 
Furthermore, the collection of sediment cores to 
determine sedimentology and density of identified 
SMLS will further add to the accuracy of future 3D 

numerical modelling. Mollison, et al. [32] and 
Mollison [33] modelled different east Australian 
SMLS at difference density values with results 
showing density of the SMLS influences resulting 
tsunami. However, results by Mollison [33] indicate 
the Ward equations are useful as representative 
first-pass assessments of tsunamigenic hazard. 
 
6. Conclusions 
Submarine canyons environments with high levels 
of erosion thought to form primarily through 
submarine mass flows, such as SMLS [6]. Despite 
this, there is yet a to be a hazard assessment that 
considers the SMLS-generated tsunami hazard for 
the study region [48]. This paper provides the 
necessary first pass morphological and hazard 
assessment of the Perth Canyon and identifies a 
complex morphology as well as two large SMLS 
scars which have been calculated to be of a size 
that poses a tsunami threat to adjacent coastlines.  
 
The morphology of the glide plane of both the PCN 
slide and the PCS slide is characteristic of a 
rotational slide. Downslope transects showed one 
singular glide plane in the upper north corner of the 
PCN slide, termed PCN-1, this slides’ glide plane 
was more easily identified as a singular slumping 
event compared to the rest of the SMLS scar. These 
transects also showed another three possible failure 
scars within the PCN slide.  
 
When compared to select east coast SMLS, the 
identified slides differ in average slide depth and 
cross-section morphology with the Perth Canyon 
slide cross-sections highlighting a more defined 
minor scarp. From the conservative calculation 
results, thickness appears to influence the resulting 
estimated flow depth. All estimated flow depths are 
in exceedance of 2 m and highlight the 
tsunamigenic potential of the identified SMLS. The 
results of this study highlight a significant threat 
to the west Australian coastline from SMLS 
occurring in the Perth Canyon with estimated flow 
depths exceeding 14 m at the coastline. 
 
Empirical calculations do not allow for the level of 
certainty preferred when dealing with damaging, 
dangerous hazards such a tsunami. However, this 
research identifies five potential SMLS scenarios 
that are volumetrically large enough to produce 
tsunami at the nearby coastline. Future work such 
as 3D numerical modelling of these historic SMLS 
would allow more certainty in identifying highly 
vulnerable regions to any tsunami triggered today 
by a similar size SMLS. Future work on the 
associated risk may also be included in the Western 
Australia Natural Hazard Risk Profile. With few 
studies on the SMLS-generated tsunami hazard for 
Australia, the results of this paper may be used as 
a starting point for further SMLS tsunami hazard 
assessment for the west Australian coastline. 
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Abstract 
We present and critically review key components of the project lifecycle and design process for coastal 
protection projects to understand the complexities associated with the upscaling of novel coastal protection 
solutions. Our analysis demonstrates that the process through which projects are initiated bias traditional 
engineering solutions from the point of project initiation. While policies, plans and strategies may provide 
weighting to novel coastal protection options, the design process often negatively weights these options. We 
found that a key limiting factor is the absence of sufficiently robust design and performance guidance, which 
elevates the project risk associated with these options when compared to traditional solutions. Whilst many of 
the challenges associated with the upscaling of novel solutions are difficult to address, we provide three ways 
to address these challenges.  
 
Keywords: ecosystems, engineering, adaption, policy, community 
 
1. Introduction 
Much of the infrastructure along urban coastlines 
was built in the first half of the 20th Century. This 
infrastructure was often designed with the objective 
to ‘hold the line’ and to protect assets in the coastal 
zone. As a consequence, these structures (e.g., 
seawalls, breakwaters) are usually highly 
engineered. Whilst many of these structures have 
fulfilled their primary objective, it has become 
evident that there have been unintended 
consequences associated with these structures. 
These consequences have included disruptions to 
coastal processes such as sediment transport, 
coastal zone impacts that have larger spatial scales 
than anticipated, as well as impacts or changes to 
the composition of ecological communities.  
 
There is broad recognition that there is a need to 
develop and invest in coastal protection strategies 
along many sections of the coast in order to adapt 
to future increases in sea level and storminess. 
However, there is debate about how these coastal 
protection strategies should be implemented. It has 
been suggested that traditional coastal engineering 
structures may be unsustainable in the context of a 
changing climate and that nature based solutions 
are more appropriate. These solutions aim to 
increase coast resilience through the restoration or 
establishment of ecosystems that can continue to 
adapt and evolve with the changing climate (e.g., 
mangroves, reefs, dune). It has also been 
suggested that these solutions are more cost 
effective than traditional coastal engineering 
approaches and provide co-benefits such as 
enhancement of biodiversity and ecological 
resilience.  
 
Despite the broad interest in implementing nature 
based solutions across many disciplines and 
sectors, these solutions have struggled to gain 
traction as routine options. In this paper, we dissect 

the stages involved in the development and 
implementation of coastal defence solutions in order 
to identify the barriers to the adoption of novel 
solutions. 
 
In section 2, we review the project lifecycle, and how 
this process implicitly shapes coastal protection 
projects. We then interrogate the project design 
process steps in section 3 to identify the barriers to 
large scale adoption of novel coastal protection 
solutions. Finally in section 4, we consider what is 
required to enable large scale uptake of novel 
coastal protection solutions, which include nature 
based options.  
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2. The Project Lifecycle 
The project design lifecycle consists of three broad 
stages (Figure 1). Here we review how each of 
these stages affects the development of a coastal 
protection project, and how they shape project 
outcomes.  
 
2.1 Coastal strategy 
Various plans and strategies usually exist to guide 
the long term management and development of the 
coast zone. In many cases, these plans and 
strategies are linked to legislation1 and, by 
extension, the mandate that governs different 
departments or ministries of the Government. 
However, these plans or strategies are often 
implemented on a local level by other delegated 
organisations (which may include other tiers of 
government). These delegated organisations are 
often responsible for some geographic extent that is 
usually defined based on factors other than those 
that occur within the coastal zone. For example, 
there is often no correlation between these spatial 
areas and an overall coastal protection strategy. At 
a finer scale, there may also be no correlation 
between the responsible entity’s spatial 
responsibility and the coastal cell(s) or physical 
processes that govern that region. As a 
consequence, coastal protection projects are often 
developed within at a spatial scale that is 
incompatible with the broader coastal environment.  
 
A second objective of coastal policies and strategies 
is to set out how coastal projects should be 
managed and what should be considered. For 
example, these documents often articulate the 
mitigation of community risk as a key consideration 
while at the same time advocating broad scale 
options such as nature based solutions. Yet there is 
often limited guidance on the implementation of 
these often conflicting objectives. They also do not 
account for the  practicalities of risk management. 
We come back to this issue in section 3. 
 
2.2 Project creation  
In the ideal world, a project is created by a rigorous 
process. One such method would be that the 
responsible authority would first assess a range of 
project options that are put forward, undertake a 
rigorous evaluation and cost-benefit assessment 
and then put forward a sequenced list of projects to 
be undertaken in some form of priority (e.g. 1 though 
to 100). In a perfect world, these projects would then 
be undertaken according to this priority schedule. 
However, this is not what occur’s in practice. 
 
The origin of many coastal protection projects is 
often, perhaps mostly, an idea generated by a 
disgruntled community. These ideas are activated 
when the community pressures their local 
representatives to act. Some projects are activated 
by a Government’s agenda. In either case, rarely do 
the projects originate from an orderly and rigorously 
assembled list of priorities. It is no different for 

coastal protection infrastructure. A typical project 
creation example: 

- A wealthy coastal community in located in 
areas where beaches and water front 
property is subject to erosion. 

- The waterfront property is worth a 
substantial amount of money. 

- The members of this community have 
strong influence and capacity to undertake 
lobbying efforts.  

- In many cases, the issue at hand ends up 
in a newspaper or on a radio show. 

- Government reacts and a project is created. 
 
This approach to project creation introduces time 
into the project delivery process as the project is 
now reactive. The introduction of time already has 
an implicit impact on the choice of options. Those 
options that require time to investigate, be subject 
to some research and development, or simply 
require time to implement (e.g., ecosystem 
restoration) have implicity been negatively weighted 
in the option assessment process.  
 
2.3 The design brief 
The design brief issued often includes the following 
key requirements: 

- Design a coastal protection structure over a 
defined length to protect an asset. 

- Comply with government policy. 
- Design the structure for a 50 year life, 

consider sea-level rise2. 
- Guarantee no overtopping that would cause 

damage. 
 
Whilst this design brief may appear to be suitable, 
closer analysis of this brief reveals that these types 
of design briefs reinforce traditional design practices 
and do not enable noval or innovative solutions. In 
the next section we will explore the problems with 
this type of design brief.  
 
3. Critical analysis of design briefs 
3.1 Project spatial scope 
The first component of a design brief defines the 
spatial scope of the project. In the example provided 
in section 2.3, we can see that the solution is limited 
to a specific area of concern, and does not take an 
integrated (whole of system) approach. For many 
projects, these spatial bounds are set based on the 
legistative boundaries, municipal boundaries or may 
even be entirely arbitrary. Rarely are these 
boundaries defined to consider the likely scale of 
impact to the physical environment.  
 
Considerable research has now been undertaken to 
classify coastlines according to a range of 
environmental processes such as sedimentary cells 
(Figure 2), which provides some indication of broad 
sedimentary interconnectiveness. Similar zones 
have started to be developed for ecological 
communities. Yet these zones are rarely referenced 
in project scopes. In addition to limiting the project 
boundaries, there is also a limitation on how a range 208
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of interventions or projects may work together 
holistically to provide a total management solution.  
 
Perhaps more critically, the spatial scope typically 
reflects the time element of the project. Thus the 
solution no longer focuses on the implementation of 
a broad coastal protection strategy but is instead 
responsive to a particular issue of concer and 
places an implicit weighting on different options. 
 

 
Figure 2   The partitioning of the coastline into 
sedimentary cells (yellow) in Victoria, Australia.  
 
3.2 Comply with government policy 
In many jurisdictions, the coastal zone policies and 
strategies provide high level guidance as to how the 
coastal zone is to be managed3. These documents 
also often set out the steps required to undertake 
works in the marine and coastal zone. However, 
these policies and documents rarely work together 
as a single integrated instrument, are often in 
conflict, and in some cases are no longer fit for 
purpose. Perhaps more importantly, they can 
require designs to place extra weighting on specific 
approaches (such as building with nature or 
ecosystem impacts). As we will discuss later in 
section 3.5, this can be difficult to implement 
practically due to the absence of clear robust design 
guidelines. This can limit the attractiveness of these 
options from a performance as well as a risk and 
liability perspective.  
 
3.3 Design life and sea level rise 
Often the extent of sea level rise that is predicted to 
occur is inconsistent with the sea level design 
criteria specified in the design brief as well as the 
overall design life of the solution. It is often the case 
that the solution should consider the predicted (or 
prescribed) 50 - 100 year sea level rise elevation. 
While at the same time the design life of the solution 
may be substantially shortended (e.g., 25-50 years). 
Furthermore, most project scopes do not allow for 
the performance of the solution to evolve over time. 
Rather, these metrics are often required to be 
satisfied on the date of handover. 
 
These components of a project scope result in 
solutions that may be unnecessarily large in scale 
and limit the array of design options to those 
systems that have performance certainty and do not 
adapt over time (Figure 3). For example, it does not 
accommodate the establishment of a mangrove 
forest or the growth of a shellfish reef, both of which 

adapt over time and may not achieve their full 
performance or realise their full benefits for some 
time. Rarely too are solutions that can be 
“upgraded” with time to meet new environmental 
conditions compatible with these project scopes.  
 

 
Figure 3   Typical design outcome to achieve a 
definitive project design life and performance at 
project delivery.  
 
3.4 Performance (Risk and liability) 
Finally, the brief will almost always have 
performance requirements or guarantees, which 
transfer risk and liability to the provider of the 
solution. Real world projects are often developed 
and delivered by teams from a range of private 
sector organisations. Each member of this team 
carries some component of project risk, as well as 
some component of liability in the event that some 
unforeseen outcome occurs. The cost of this risk 
and liability insurance can be a substantial 
component of a business’s budget, and in the event 
of a claim being made, could dramatically increase 
insurance premiums, for example.  
 
When a scope specifies a particular performance 
metric, some risk and liability is transferred to the 
project team. As a consequence, a diligent 
organisation continually seeks to minimise risk and 
liability to the organisation. This risk management is 
separate from any risk management objectives 
associated with the project solution (e.g., erosion 
risk). To minimise risk and liability, the organisation 
and designers usually rely on well researched, 
industry accepted, and demonstrated guidelines 
and/or design standards. These guidelines and 
design standards must be comprehensive and 
performance focused. Few such documents have 
been developed for more novel solutions such as 
ecosystem engineering – most are often academic 
summaries and lack the detail and rigour necessary 
for practical application. As a consequence, these 
options are negatively weighted during the option 
assessment process on account of the risk that they 
carry in comparison to well established and 
understood options (e.g., a revetment4).  
 
4. Implications 
It is evident from a critical review of how projects are 
initiated, as well as the structure of project design 
scopes, that projects are biased toward traditional 
approaches. If a typical project scope is further 
decomposed into the key tasks required for solution 
development (Table 1) it becomes clear that there 
is little opportunity to develop, and perhaps more 
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importantly progress, innovative solutions within the 
existing solutions framework. This review also 
demonstrates that there are complex factors that 
are often not accounted for in the decision-making 
process and debate on which solutions are 
preferred.  
 
Table 1   Design tasks relative to different components of 
a typical project scope. 
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Scope 
Component 

Tasks 

Component 1 Coastal study to determine the 
basic geometry required to 
protect the coastal assets – e.g. 
height and width 
 

Component 2 Consider user needs such as: 
a. Navigation requirements of 

vessels 
b. Maintaining beach width 

and ammenity 
c. Safety 
 

Component 3 Design the solution to remain 
stable for 50 years 
Reference empirical studies that 
are well studied and accepted by 
the engineering community as 
being backed by rigorous 
scientific inquiry.  
 
(Commonly this leads to 
nourishment or rock protection4) 
Design the solution 

Component 4 Specify materials and 
construction methodologies that 
are: 
a. Durable 
b. Performance prooved 
c. Constructible 
d. Cost-effective 
 

 
5. Where to from here? 
Whilst many of the issues identified in this review 
are difficult to address, there are at least three 
things that can be done right now to increase the 
attractiveness of novel solutions in coastal 
engineering. 
 
1. More rigorous analysis of the design cycle 

associated with novel solutions (such as 
ecosystem engineering) to provide design 
and risk certainty.  
 
It is evident that the most important issue that 
needs to be addressed is the lack of definitive 
design and performance guidance for new and 
novel solutions. There is an opportunity for 
project delivery organisations and Government 
to partner with Universities to identify the key 
research questions as well as to research into 
these questions. There are many partnership 
models that could be considered. Without much 

more definitive design and performance 
guidance, it remains difficult and unattractive 
(from a project risk perspective) for project 
delivery organisations to scale-up novel coastal 
projection solutions.  
 

2. New models of risk sharing to enable more 
innovative approaches in project delivery 
 
The existing transfer of risk to project delivery 
teams currently limits the appetite to deliver 
novel solutions. There is a need to revisit how 
risk is transferred between different 
stakeholders. This is particularly appropriate for 
coastal protection solutions, which are equally 
based in science and engineering. 
 
To promote innovation and novel solutions, 
there is an opportunity for clients to take 
additional risk, or to limit liability, for projects 
where novel solutions are likely to produce 
better outcomes than traditional solutions. This 
reduction in risk and liability could be addressed 
in many ways but is essential in order to 
facilitate growth in the application of novel 
solutions that have far few ‘at scale’ case 
studies from which design knowledge can be 
drawn.  
 

3. Projects need to be less reactive to provide 
time to allow integrated project teams to be 
established and solutions to be 
investigated.  
 
The development of an overarching plan that 
clearly identifies the type of solutions that are 
considered appropriate for different sections of 
coastline is essential to reduce the risk of in-
compatible solutions from being implemented. 
For example, there are performance 
implications for a coastline that relies on a sea 
wall in one location and an offshore reef 
immediately next to that wall. Such a plan would 
also assist in the establishment of teams to 
develop novel solutions where appropriate, as 
well as provide the time for the development of 
those solutions. Part of this solution could be 
the incorporation of project design managers 
who may be a third party but can work across 
sectors and with other disciplines to guide 
solution development.  

 
6. Conclusions 
Critical review of the processes that lead to the 
initiation of new coastal protection solutions as well 
as the key steps associated with the development 
of these solutions demonstrates that current 
project frameworks limit (implicitly or otherwise) the 
attractiveness of novel solutions (e.g., nature 
based solutions). Whilst it is going to be difficult to 
address this problem, we conclude that more 
rigorous design and performance guidelines, 
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innovative models of risk-sharing and/or offsetting 
and more proactive project initiation will 
substantially increase the uptake of nature-based 
solutions in practical project delivery. 
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Abstract 
Corrosion costs the global economy an estimated 2.5 trillion USD per annum. In maritime structural design, 
corrosion is an all too familiar problem, especially in brownfield projects. Many asset owners undertake 
targeted asset management campaigns that require staging of repairs and maintenance of corroded structural 
elements. It follows then that the ability to accurately structurally analyse such elements is paramount to the 
prioritisation of their refurbishment. 
 
The paper herein presents a comparison between detailed methods for the analysis of circular hollow sections 
with localised corrosion, as developed by the Maritime Engineers in the Wallbridge Gilbert Aztec (WGA) Ports 
and Marine team, and other current industry standard approaches. 
 
WGA have developed equations to accurately quantify the reduction in sectional and member properties due 
to localised corrosion. These include methods for quantifying second order effects caused by eccentricities in 
neutral axes along the length of members, as well as methods for quantifying buckling behaviour, slenderness, 
and torsional rigidity. 
 
Real world examples are given in the form of three case studies from the author’s own projects to understand 
the benefits of targeted structural analysis methods. 
 
Keywords: Localised Corrosion, Structural Analysis, Maritime Structural Design, Asset Management. 

 
Figure 1: An extreme example of corrosion in a maritime environment. 

1. Introduction 
With an estimated 62 billion AUD is spent on 
maintaining corroded assets in Australia every year 
[1], it stands to reason that asset owners would be 
interested in improving targeted asset management 
and reducing costs for maintenance. That said, 
methods that are simplistic to the point of not 
adequately alleviating risk to asset owners and 
operators are discouraged; Simply put, safety 
remains the number one priority of any engineering 
undertaking. 
 
This, coupled with downward pressure on 
engineering fees can often contribute to low-cost 
submissions by consultants, in turn favouring fast 
but conservative methods of analysis. These 
methods generally produce much higher costs to 
the asset owner during refurbishment campaigns. 

 
Recognising these drivers for asset owners, WGA 
has developed specific and targeted methods for 
the analysis of local defects in circular hollow 
sections (CHS) to improve the accuracy of structural 
analysis and ultimately reduce the on-site costs of 
refurbishment campaigns, as presented later in 
section 4.3. The methods presented are simple 
extensions of well-defined approaches for the 
mechanics of solids but are adopted primarily due 
to their ability to be easily integrated with the latest 
on-site methods for corrosion measurement, such 
as Pulsed Eddy Current Testing (PECT). The 
methods presented are still applicable for other 
methods of corrosion testing, however the accuracy 
of the data is paramount to safe engineering design. 
Wherein data is less reliable, conservatism will 
invariably follow to ensure safety in design. 
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The objective of this paper is to provide a high-level 
summary of the methods adopted by WGA for the 
analysis of corroded sections with direct 
comparison to real-world data for the same cross-
sections being analysed. These methods will then 
be compared to other general methods used 
throughout industry to solve the same problems, 
presented as three case studies from real-world 
assets. The outcomes of these different methods 
shall be compared in terms of the scale of works 
they produce during a refurbishment campaign for 
the same asset with the same number of defects, 
for which the difference in cost to the asset owner 
can be demonstrated qualitatively. 
 
2. Literature Review 
Generally speaking, there are three main fields of 
engineering science that aim to reduce the impact 
of corrosion on an asset: 

1. The development and adoption of corrosion 
resistant materials and/or improved 
preventative methods for low carbon (mild) 
steel. 

2. Methods for the probabilistic modelling of 
corrosion to better inform timelines for 
refurbishment campaigns. 

3. Methods for the analysis of already 
corroded assets to reduce conservatism in 
engineering design. 

Insofar as is related to brownfield structures, the first 
field of study is largely out of consideration; low 
carbon steel remains the go-to material for maritime 
structures due to its cost and strength. Whilst new 
coating methods and protective wrapping systems 
are being developed year on year, their targeted 
adoption for brownfield assets remains largely a 
consequence of an informed understanding of 
corrosion rates, timelines, and the structures 
themselves, as primarily dealt with by the second 
and third fields. 
 
The works of Robert Melchers [2] and others has 
progressed the field of maritime corrosion modelling 
to better understand the multivariate parameters 
that affect corrosion rates of structural steel in 
marine environments. Notably, Melchers discusses 
the effects of water temperature on corrosion rates 
which, to date, are only covered in the Australian 
Standards insofar as delineating between above 
and below 30° S. In practice however, the industry 
standard approach is still to adopt uniform corrosion 
rates in accordance with AS 4997 and AS 2159, with 
additional considerations for anaerobic corrosion 
only as required. 
 
In structural analysis, works have been undertaken 
both internationally and here in Australia to 
understand the relationship between corrosion and 
buckling behaviour. The research indicates that 
corrosion near the midspan of structural element 
has a greater adverse effect on buckling than 

corrosion at the ends of the member, for members 
subjected to the same loading [3]. Such works have 
primarily focussed on Finite Element Analysis (FEA) 
to confirm testing results and, while providing great 
insight to the technical behaviour of the structural 
elements, fall short of identifying specific closed 
form equations for use in analysis and design. 
 
The works of Roark [4] and his colleagues remains 
a relevant resource for the understanding of the 
parameters that affect the mechanics of solids, 
particularly those with localised defects. Roark’s 
work provides closed-form approximations for 
torsional constant of thin wall tubes with slits 
present in the annulus and other general 
explanations of the elastic deformation of thin wall 
tubes, which are also adopted (though not 
presented) in the methods outlined in this paper. 
 
Though the works above have gone into great detail 
in terms of quantifying structural behaviour for 
members with defects present, holistic methods of 
integrating such methods of structural analysis with 
readily available site data have not been adopted at 
large in industry. Because of this, the interpretation 
of site data is often left as an exercise in engineering 
judgement. 
 
3. Site Data 
To ensure the accuracy of data and the 
minimisation of risk on projects, there has been a 
general shift in industry in Australia over the last half 
a decade to use PECT over ultrasonic thickness 
testing (UTT) or pit gauge testing, especially for 
circular members over water. PECT data produces 
a grid across the entire member of cells the size of 
the probe head, ranging from 30mm to 120mm 
squares. As PECT measures the electrical potential 
of the base material, it can effectively “see through” 
protecting coatings and/or corroded product. This is 
a distinct advantage over other types of non-
destructive testing (NDT) such as UTT which 
require the removal of corroded material and 
protective coatings. PECT is particularly 
advantageous for structural analysis as specific 
cross sections can be generated from the data. An 
example of PECT is provided below in Figure 2. A 
general photo of the local group of piles for the 
PECT scan is given in Figure 3. 
 

 
Figure 2  A typical PECT scan. This scan shows a 
localised defect in the splash zone for a vertical pile, with 
general uniform corrosion primarily on one hemisphere of 
the pile for a length of approximately 3m. The ability to 
identify aggressive localised corrosion compared to 
general uniform corrosion is an important distinction for 
informing structural design. 
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Figure 3  The group of piles containing the pile whose 
PECT scan is given in Figure 2. The corrosion seen here 
is typical for splash zone environments, albeit not as 
aggressive as noted on other structures. 

4. Methods of Analysis 
The analysis of corroded sections can range from 
simple uniform corrosion assessments through to 
complicated FEA modelling of corroded sections. 
Whilst the former can be extremely over-
conservative, the latter is often a costly undertaking, 
especially when it is required to be used at the scale 
of hundreds or thousands of defects.  The 
differences and limitations of the different 
approaches to the structural analysis of corroded 
sections should be understood by the maritime 
structural engineer and the best approach adopted 
in accordance with the project’s needs, which may 
not always be the most detailed method. The 
approaches discussed herein deal specifically with 
CHS but can be applied more generally to any 
section through appropriate adaption.  
 
4.1 Uniform Corrosion Analysis 
Uniform corrosion analysis is a simplistic method 
that considers a CHS to have a constant loss across 
its entire circumference. Uniform corrosion analysis 
is typically undertaken through the following steps: 
 

1. Determine the minimum uniform thickness 
of the member such that utilisation tends to 
unity with its ultimate design actions. 
 

2. Check the recorded corrosion data for the 
member to see if this minimum thickness is 
realised anywhere within the annulus. 
 

As this method adopts geometric properties from 
the minimum thickness recorded anywhere in the 
circumference of a member, it invariably leads to 
conservative reductions in axial capacity while 
simultaneously failing to account for the increased 
bending moments that can occur due local 
eccentricity of the neutral axes. A comparison of the 
actual minimum cross section from the PECT scan 
presented in Figure 2 and the minimum cross 

section under uniform corrosion allowance is shown 
below in Figure 4. 

 
Figure 4  The geometry of the minimum cross section from 
the PECT data shown in Figure 1 is given on the left, while 
the equivalent minimum thickness geometry under 
uniform corrosion is given on the right. Whilst the cross 
sections may look similar at a distance, the reduction in 
area for the minimum thickness cross section is 37.4%. 

4.2 Pro-rata Methods 
An improvement on the uniform corrosion methods 
is the pro-rata method. This approach considers the 
defect and the remaining annulus as two separate 
geometric regions and pro ratas the mechanical 
properties that would be expected were either to be 
uniform for the entire circumference. This approach 
is typically very accurate for axial capacity, but its 
accuracy varies wildly for flexural considerations, 
which is discussed further in Section 4.4. 
 
 

 
Figure 5 cross section shows the “pro-rata” geometry of 
the defect PECT scan in Figure 2, whereby the primary 
defect and the remaining uniform thickness are 
considered as separate partial annuli. This method 
produces very accurate results for cross sectional area 
but differs considerably for other sectional properties, 
such as the second moment of area, as it does not 
account for the shift in the neutral axes of the section. 

 
4.3 Modified Sectional Analysis 
In order to fully capture the sectional properties of a 
simplified geometry for the minimum cross section 
presented in Figure 2, it is necessary to calculate 
the shift in the neutral axes. The general form of the 
equations required is a simple expansion of the 
parallel axis theorem, as shown below: 
 

𝐼𝐼𝑥𝑥𝑥𝑥 = 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐴𝐴𝑦𝑦�2  (1) 
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Where 𝐼𝐼𝑅𝑅𝑅𝑅𝑅𝑅 is the second moment of area of the 
resultant cross section about the unaltered neutral 
axis, 𝐴𝐴 is the resultant cross-sectional area, and 𝑦𝑦� 
is the eccentricity between the unaltered neutral 
axis and the resultant neutral axis. 
 
In turn, the eccentricity of the neutral axis is given 
by solving the equation below for the relevant partial 
annuli within the simplified cross section: 

  
𝑦𝑦� = ∬𝑟𝑟2 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑑𝑑𝜃𝜃𝑑𝑑𝑟𝑟

∬𝑟𝑟𝑑𝑑𝜃𝜃𝑑𝑑𝑟𝑟
  (2) 

 
Where 𝑟𝑟 and 𝜃𝜃 define a cylindrical coordinate 
system about the origin of the original CHS. 
 
 𝑦𝑦� is also used to calculate additional  𝑃𝑃∆ moments 
that occur about the neutral axis of the cross section 
where the local defect is present. These moments 
are not considered in the uniform corrosion and pro-
rata methods, but can be quite significant for large 
axial loads and aggressive localised corrosion. 
 
4.4 Comparison of Methods 
To demonstrate the accuracy of the above methods, 
modelling of the PECT presented in Figure 2 has 
been undertaken to give the exact sectional 
properties for the minimum cross section that 
occurs over the length of the pile. These figures are 
presented in Table 1 and Table 2 discussed further 
below. 
Table 1 Sectional properties of different methodologies 

Method Area 
(mm2) 

Ixx  
(mm4) 

Sxx 
(mm3) 

Zxx 
(mm3) 

Actual 
Cross 
Section 

18.1x103 6.79x108 3.11x106 2.19x106 

4.1 11.3x103 4.66x108 1.61x106 2.07x106 

4.2 18.1x103 7.51x108 2.56x106 3.31x106 

4.3 18.1x103 6.70x108 3.07x106 2.07x106 

Table 2 Accuracy when compared to the real sectional 
properties 

Method Area Ixx  Sxx Zxx 
4.1 63% 69% 52% 94% 

4.2 99% 111% 82% 151% 

4.3 99% 99% 99% 95% 

 
Table 2 demonstrates that there is a high degree of 
accuracy for the Modified Sectional Analysis 
method, which is significantly more accurate than 
the other methods presented. Generally speaking, 
the uniform corrosion and pro-rata methods are 
conservative, however it should be noted that the 
pro-rata method can significantly overstate the 
flexural stiffness and capacity of a section. A 
general comparison of the pros and cons of each 
method as well as Finite Element Analysis is 
presented below in Table 3. 
 

Table 3: Comparison of structural analysis methods. 

Method Pros Cons 
Uniform 
Corrosion 
Allowance 

Fast and simple 
analysis, easily 
used with existing 
structural analysis 
methods. 

Overly conservative 
and fails to capture 
flexural behaviour 
and 𝑃𝑃∆ effects. 

Pro-rata 
Methods 

Relatively simple 
analysis that is very 
accurate for axial 
behaviour. This 
method is useful for 
members that are 
primarily axially 
loaded without large 
localised defects. 

Fails to accurately 
predict flexural 
behaviour and 𝑃𝑃∆ 
effects. 

Modified 
Section 
Analysis 
(WGA 
Method) 

Relatively fast once 
spreadsheets or 
similar are 
developed with 
modified section 
equations. 
Accurately captures 
axial, flexural, and 
𝑃𝑃∆ behaviour. 

Requires more time 
than the methods 
mentioned above – 
can be unnecessary 
for members that 
have simple load 
cases (i.e. purely 
axially loaded). 

Finite 
Element 
Analysis 

The most accurate 
method presented. 
Accurately captures 
all behaviours of the 
member. 

Resource intensive 
and time consuming. 
Requires accurate 
data for the 
development of 
models. 

 
4.5 Additional Considerations 
Accuracy of sectional properties is only one 
consideration. The diligent maritime structural 
engineer must also ensure that the design actions 
being considered are accurate. As touched on 
briefly in section 4.3, the introduction of localised 
defects can significantly affect the design actions 
present within a member. It is entirely possible for a 
defect to only nominally reduce the cross-sectional 
area of a member whilst simultaneously shifting its 
neutral axes by a meaningful amount. This results 
in a very small change in axial stiffness, and hence 
no meaningful change in compressive or tensile 
actions, yet can introduce a second-order moment 
through 𝑃𝑃∆ effects. For structures designed 
primarily to take axial loads, such as piles or 
catwalks, this additional moment can have a 
meaningful effect on utilisation of a member. 
 
Further to the above, there are other considerations 
required for structural design that are affected by 
the presence of localised corrosion. Buckling 
behaviour and the torsional constant are two such 
parameters that are significantly changed by the 
presence of aggressive localised defects. Whilst 
these effects have been studied at length, both in 
the referenced material for this paper and by WGA 
directly, further commentary on them is excluded 
from these works for the sake of brevity. 
 
5. Case Studies 
Whilst the comparison of methods is meritorious as 
an academic discussion, it holds little weight without 
real-world application. If, for instance, it was found 
that defects typically belonged to one of two groups, 
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either requiring structural remediation, or simply 
requiring recoating without structural repair, 
regardless of method, it would follow that the 
investment by the asset owner in the additional 
analytical effort would not be a worthwhile 
endeavour. In fact, this very situation is 
demonstrated to a reasonable extent in Case Study 
3. It stands to reason then that the real test as to 
what methods should be used for design by the 
maritime structural engineer should be whether it 
meaningfully changes the number of repairs that 
need to be undertaken by the asset owner, or 
materially changes the residual risk being carried. 
 
The section herein presents three case studies of 
real-world refurbishment campaigns undertaken in 
the last half a decade. All projects discussed are in 
Australia and the data presented is the recorded site 
data from these campaigns. In each case, the 
method of site testing was PECT, however, for Case 
3, PECT was not used exclusively for all defects and 
was instead adopted only for defects that were 
determined significant enough to warrant further 
investigation.  
 
5.1 Case Study 1 
Case Study 1 is a concrete deck supported by steel 
piles constructed in the 1960’s in a large tidal-range 
zone above 30° S. The deck is approximately 180 
m long and functions as a general container wharf 
with loading consistent with Class 40 in accordance 
with AS 4997-2005 Table 5.1. 
 
As part of the scope for Case Study 1, 177 individual 
PECT scans were undertaken for each pile under 
the structure that was not already repaired. An 
example of one such pile is given below in Figure 6. 
Each pile had a diameter of 591 mm and a design 
wall thickness of 12.7 mm. The distribution of the 
size of the defects as a percentage of the 
circumference of the piles is given below in Figure 
6. Over 80% of the defects recorded in this case 
study were less than 20% of the circumference, 
hence the use of uniform corrosion methods would 
have been overly conservative for this project. 
 

 
Figure 6 One of the worst corroded piles in the case study. 
Corrosion this aggressive was not typical at this site. 

 
Figure 7 The distribution of the size of the defects present 
in the case study as a percentage of member 
circumference. The vast majority of defects were less 
than 20% of the circumference, supporting the use of local 
defect methods for analysis over uniform corrosion 
methods. 

A uniform corrosion assessment as outlined in 
Section 4.1 was undertaken to determine the 
minimum wall thickness each pile required to 
withstand the full design actions of the wharf. The 
minimum design thickness of the piles ranged from 
7.8 mm to 10.3 mm depending on their row and the 
design actions they were subjected to. This method 
quickly filtered out piles that didn’t need to be 
considered with more detailed methods, saving time 
and budget on the project. Piles that did not pass 
the uniform corrosion assessment were then 
assessed using the Modified Section Analysis 
methods presented in section 4.3. The results of the 
analysis are reported below in Figure 8 which 
outlines the total number of repairs required for the 
refurbishment campaign for both methods. 
 
Two different refurbishment campaigns were 
considered, the first being the case where all repairs 
were undertaken immediately (0 mm future 
corrosion allowance) and the second being a staged 
approach with critical defects being repaired 
immediately, and lesser defects being delayed for a 
future campaign (1 mm future corrosion allowance). 
 

 
Figure 8 The number of repairs required in the final 
refurbishment campaign. If the analysis had only been 
undertaken up to the uniform corrosion method stage, the 
number of repairs required would have been between 
204% and 293% of the final refurbishment campaign, 
depending on the staging and time until repair. 

0%
10%
20%
30%
40%
50%

<10 % 10 - 20% 20 - 30% 30 - 40% 40 - 50% > 50%

Distribution of Defect Size
(% Circumference)

0 50 100 150

Staged Repairs
Immediate Repairs

Number of Piles in Final Refurbishment 
Campaign

Modified Section Analysis

Uniform Corrosion Analysis

216



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Reducing the Cost of Corrosion – Structural Analysis of Locally Corroded Circular Hollow Sections 
Jordan A. Butler 
5.2 Case Study 2 
Case Study 2 is a concrete deck supported by steel 
piles above 30° S. The deck is approximately 210 m 
long and functions as a general container wharf with 
loading consistent with Class 40 in accordance with 
AS 4997-2005 Table 5.1. 
 
For Case Study 2, 317 PECT scans were 
undertaken. The piles were typically 512 mm 
diameter with a wall thickness of 12.7 mm, however 
some of the piles under cyclonic tie down locations 
had a 16 mm wall thickness. Defects observed in 
Case Study 2 were typically much wider 
circumferentially than those seen in Case Study 1, 
however the wall loss was generally less. This can 
be seen below in Figure 9.  
 

 
Figure 9 The distribution of the size of the defects present 
in the case study as a percentage of member 
circumference. Nearly half of all defects were greater than 
50% of the circumference with superficial corrosion. 

Figure 9 shows that nearly half of all defects were 
greater than 50% of the circumference. Because of 
the nature of these defects, the uniform corrosion 
method agreed more closely with the Modified 
Section Analysis method. It was agreed with the 
asset owner for that all repairs would be undertaken 
in a single, immediate scope of works, as waiting to 
undertake repairs would effectively double the 
scope. As such, only a single comparison is 
presented in Figure 8. Whilst the approximation 
given by the uniform corrosion method was closer 
to the actual behaviour of the piles in their corroded 
state, almost twice as many piles were flagged for 
repair using this method than the Modified Section 
Analysis method. 
 

 
Figure 10 The number of repairs required in the final 
refurbishment campaign. If the analysis had only been 
undertaken up to the uniform corrosion method stage, the 

number of repairs required would have been 90% more 
than the final refurbishment campaign. 

5.3 Case Study 3 
Case Study 3 is a 375 m span of catwalk 
infrastructure, including 9 mooring and berthing 
dolphins. The catwalks are located in an arid 
tropical environment above 30° S that is prone to 
cyclones. Whilst the primary vertical load case for 
the structure is pedestrian live loads, the catwalks 
and the dolphins are subjected to significant lateral 
loads caused by cyclonic waves. 
 
The effect of the defects present in the structure due 
to forces induced by cyclonic waves were not 
considered as the structure was expected to 
undergo some degree of structural failure under any 
extreme environmental event. Fortunately, the 
structure’s height above MHWS prevented 
meaningful environmental loads for day-to-day 
conditions. 
 
Case Study 3 differs significantly to the former two 
studies in that 4,028 different defect reports were 
generated for the structure. Due to the sheer 
number of defects, PECT testing for all of them was 
impossible. Instead, a staged approach was 
adopted whereby defects would initially be recorded 
from visual inspection and pit gauge testing. Due to 
the limited fidelity of the data a first pass screening 
method was used using a combination of uniform 
corrosion analytical methods and pro-rata methods. 
From this, 3,539 of the defects were excluded from 
progressing to detailed analysis as they were 
identified to require painting and/or wrapping only. 
 
The remaining 489 defects were assessed using the 
visual inspection data and the modified section 
analysis method. Members that were still found to 
be over-utilised or within a reasonable margin of 
error were flagged for PECT. 82 defects of the 
original 4,028 were included in the PECT scope. 
Of these 82 defects, the revised data allowed for 
more accurate analysis using the modified section 
method, resulting in just 61 defects that required 
structural refurbishment. Figure 11 below illustrates 
this process of refining scope by using only the 
required amount of information and simple analysis 
to provide targeted and effective site presence and 
testing, which ultimately contributes to effective 
refurbishment campaigns. 
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Figure 11 A funnel diagram showing the reduction in 
scope caused by each stage of the analysis. Projects 
such as Case Study 3 clearly illustrate the benefit of 
simple conservative methods for screening large amounts 
of data to enable a targeted asset management 
campaign. 

6. Discussion and Concluding Remarks 
Case Studies 1 and 2 clearly illustrate the benefit of 
detailed methods of analysis in reducing the scope 
of refurbishment campaigns. Though not compared 
directly in the case study, it should be noted that for 
Case Study 1 the pro-rata method actually 
produced less overall repairs than the Modified 
Section Analysis method. This is an error in analysis 
and speaks to the fact that the pro-rata method 
does not accurately capture reductions in 
flexural capacity, nor increases in design 
bending moments. Adoption of this method 
without the additional considerations presented in 
Sections 4.3 and 4.5 would have resulted in a costly 
refurbishment campaign that resulted in a structure 
still at risk of failure under ultimate design loads. 
 
Similarly, Case Study 2 and particularly Case Study 
3 present the benefits of simplified methods of 
analysis. The detailed analysis and site undertaking 
of PECT for 4,028 defects is simply not 
economically or logistically possible. Nor is it 
required, as evidenced by the vast majority of 
defects falling out of scope once assessed using the 
uniform corrosion method only. 
 
Whilst Case Studies 1 and 2 show that there are 
disproportionately large cost savings to be had 
across the course of a refurbishment campaign 
through investment in thorough engineering 
analysis, Case Study 3 shows that there are similar 
savings available through targeted and specific 
application of engineering analysis, rather than 
simply throwing involved analytical methods at all 
defects. 
 
For these reasons, the author proposes that every 
project requiring the structural analysis of members 
with localised defects go through the following 
system of questions  presented below in FIG X to 
determine the most efficient method to be adopted. 

 

 
Figure 12 A simplified decision tree for the assessment of 
which structural analysis method is most suitable for the 
scope of a project. 

Through appropriate defect testing methods such 
as PECT and appropriate selection of structural 
analysis methods it is possible to simultaneously 
minimise risk and cost to asset owners. 
Furthermore, the capital savings on targeted and 
effective refurbishment campaigns often entirely 
offset the cost of on-site testing and engineering 
design. It is the sincere hope of the author that asset 
owners and consultants work together more closely 
in the future to tailor engineering advice to the 
specific needs of the asset to produce the best 
outcomes possible, as evidenced by the case 
studies presented in this paper. 
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Abstract 
Toitū Te Whenua Land Information New Zealand (LINZ) is the national agency responsible for mapping the 
nation’s land and sea. LINZ has an active role in coordinating and promoting the use of geographic data to 
support Aotearoa to prepare for and respond to emergencies and climate change events. After the 2016 
Kaikōura Earthquake, LINZ was tasked to coordinate the data requirements for multiple agencies, including 
the New Zealand Transport Agency, GNS Science, Environment Canterbury and Marlborough District Council. 
The data required included aerial photography, LiDAR (Light Detection and Ranging) and bathymetry. Pulling 
together the data requirements of multiple agencies, and securing joint funding is where LINZ can contribute 
to support agencies responding to an event. 
 
Understanding how the land and/or seabed has changed following an earthquake is critical to support decision-
makers in organising a response. From using existing aerial imagery and LiDAR data, to collecting new data 
along the coastal zone, LINZ was able to provide key data and information to support the response and rebuild 
following the 2016 Kaikōura Earthquake. Similarly, following the 2011 Christchurch Earthquake, bathymetric 
data was collected in the approaches to Lyttelton Harbour and Akaroa Harbour to determine changes to water 
depths that would hinder access to the harbours. 
 
LINZ has several national projects and long-term programmes that will improve the coverage and availability 
of data about the land and sea. The presentation will include the National Elevation programme which provides 
LiDAR based elevation open data for much of New Zealand; HYPLAN the long-term hydrographic survey 
programme; Building Outlines project; and the work of the Resilience group whose work enables those who 
make decisions on the impacts and risks of natural or human-induced events and climate change to have the 
right geospatial information. 
 
Keywords: resilience, seabed mapping, sea level, coastal hazards, safe navigation 
 
1. Introduction 
 
In the Local Government New Zealand (LGNZ) 
2019 report Vulnerable [1], the replacement value of 
local government owned infrastructure, located 1 
metre above Mean High Water Springs, was put at 
over NZ$3billion.   
 

 
 
Figure 1   Replacement value of infrastructure by region 
(at 1 m above MHWS). (Source: LGNZ [2]). 
 
In 2015 the Parliamentary Commissioner for the 
Environment commissioned a report in to the 

national and regional risk exposure in low-lying 
coastal areas [3]. Based on available LiDAR data 
and digital elevation model (DEM) at the time, the 
report highlighted the impact of sea-level rise on the 
coastal population, infrastructure, and buildings. 
The report notes that the best-available national 
DEM is inaccurate which results in the risk exposure 
being substantially underestimated.  
 
To improve Aotearoa’s response to natural events 
such as earthquakes, storm surge and sea-level 
rise high resolution, accurate and current data is 
critical. LINZ has several projects underway to 
collect, manage and distribute information relating 
to elevation (above and below the sea), 
infrastructure (roads and railways) and buildings 
which supports agencies responding to such 
events. 
 
Since 2015 topographic LiDAR coverage has 
increased and continues to be extended across the 
country. In 2018 LINZ in partnership with Regional 
Councils began the National Elevation Programme, 
a project to procure and make available a nationally 
consistent baseline elevation data set. By 2024, 
80% of the country will be covered (Figure 2). 
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Figure 2   National Elevation Programme LiDAR 
coverage 2020 (Source: LINZ [4]).  

 
In addition to the National Elevation Programme, 
LINZ manages the collection and distribution of 
aerial imagery; makes available building outlines 
extracted from aerial imagery; maps the seafloor to 
update official nautical charts (used for safe 
navigation) and to better understand the marine 
environment; and collects sea-level information to 
monitor the impact of tsunami inundation. 
 
By bringing these different datasets together, LINZ 
aims to provide a seamless picture of Aotearoa from 
the top of Aoraki/Mount Cook to the edge of the 
continental shelf.  
 
2. Data is key 
 
2.1 Key resilience datasets 
After the 2016 Kaikōura Earthquake, LINZ was 
tasked to coordinate the data requirements for 
multiple agencies, including the Waka Kotahi NZ 
Transport Agency (NZTA), GNS Science, 
Environment Canterbury, and Marlborough District 
Council. The data required included aerial 
photography, LiDAR and bathymetry. 
 
Subsequently, twelve priority datasets were 
identified as playing a critical role in decision-
making in the four stages of emergency 
management: risk reduction, readiness, response 
and recovery, and climate change. The 12 datasets 
cover: 
• People and property (population, buildings, 

address, property) 
• Transport (roads and rail) 

• Rivers and water catchments 
• Land (elevation, aerial imagery, coastline, 

topographic maps) 
 
LINZ is working with the owners of these datasets 
to ensure the data is accessible and available to 
support both emergency management and climate 
change and an improvement plan has been 
developed for each dataset [5]. 
 
2.2 National Elevation Programme 
This programme of work collects elevation data, 
including intertidal areas close to low water, using 
LiDAR technology and will provide three datasets: 
• 1 metre horizontal resolution Digital Elevation 

Model (DEM) of the bare earth (or actual 
ground). It excludes features captured such as 
trees, buildings and objects (Figure 3); 

• 1 metre horizontal resolution Digital Surface 
Model (DSM) that shows every feature including 
buildings and infrastructure; and 

• Point cloud data, which is all the data points 
captured before being processed to produce a 
DEM or DSM. The data points are classified into 
sets of likely ground feature types, such as 
water features, vegetation and buildings (Figure 
4). 
 

 
Figure 3   Wellington City 2019-2020 DEM (Source: LINZ 
[6]).  

 
 
Figure 4   Wellington City 2019-2020 Point cloud (Source: 
LINZ [6]). 
 
The data is already enabling LINZ to produce a 
DEM at a greater resolution (1 m) than what has 
been available in the past (8 m). In addition, the 
improved vertical accuracy and use of a common 
vertical datum (New Zealand Vertical Datum 2016 
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(NZVD2016)) will enable better hydrological 
analysis, flood modelling, stream network analysis 
and catchment modelling to give more accurate 
results. 
 
2.3 Building outlines 
In late 2016 LINZ completed a pilot project to 
capture building outlines. By June 2020 LINZ 
planned to achieve national coverage, however, 
due to the COVID-19 pandemic the work was 
delayed. The current coverage available on the 
LINZ Data Service includes areas in Northland, 
Auckland, Waikato, Gisborne, Bay of Plenty, 
Hawke’s Bay, Taranaki, Manawatu-Whanganui, 
Wellington (Figure 5), Tasman, Nelson, West 
Coast, Marlborough, Canterbury, Southland, and 
Otago [7]. This dataset is updated and expanded as 
new aerial imagery becomes available. 
 
The dataset includes the spatial coverage of 
building outlines using remotely sensed information. 
A building outline is a 2D representation of the roof 
outline of buildings which have been classified from 
aerial imagery using a combination of automated 
and manual processes. Structures greater than or 
equal to 10 square meters are captured in this 
dataset. 
 

 
 
Figure 5   Building outlines, Wellington (Source: LINZ [8]). 
 
2.4 National hydrographic survey programme 
As the New Zealand Hydrographic Authority, LINZ 
is responsible for meeting New Zealand’s 
obligations under the UN Convention for the Safety 
of Life at Sea (SOLAS). LINZ produces and 
maintains official nautical charts and keeps the 
charts up to date with new hydrographic surveys. 
 
The primary dataset collected are water depths or 
bathymetry which defines the shape of the seafloor. 
Bathymetry can be used to identify navigational 
hazards; inform planning of coastal developments; 
support monitoring of coastal and inland areas; and 
enable modelling and prediction of the effects of 
water run-up in storm surges or tsunami and in 
freshwater environments. 
 

Data is collected using acoustic multi-beam echo 
sounders (MBES), airborne lasers (ALB) and can be 
derived from satellite imagery (SDB). In addition, 
laser scanners mounted on the survey boat can 
collect information in the intertidal area and along 
the coastline. 
 
Predominantly, small boats are fitted with a MBES 
system and will collect data in the nearshore coastal 
zone up to the 5 or 10 m depth contour. 
 

 
 
Figure 6   MBES bathymetry (Source: LINZ). 
 
MBES systems collect high density data across a 
wide swath (Figure 6), detecting and delineating 
objects less than 1 m in size. Many million data 
points are collected and processed during a survey, 
however, only a small portion are shown on 
traditional nautical charts.  
 

 
 
Figure 7   Acoustic backscatter from the seafloor and 
water column (Source: LINZ). 
 
In addition to bathymetry the MBES systems 
records the intensity of the reflected sound from the 
seabed, commonly known as backscatter (Figure 
7). This can provide information about the texture of 
the seafloor, whether it is soft or hard. Backscatter 
data is a base dataset for habitat mapping. 
 

221



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Supporting Aotearoa’s Coastal Resilience 
Stuart Caie 
The ALB sensor is fitted to an aircraft or helicopter 
and like the MBES, collects data across a wide 
swath. Data density is dependent on the sensor 
type and can vary between 2 and 30 points per 
square metre in very shallow water. As the sensor 
uses a laser light to detect and reflect off the 
seafloor, ALB is reliant on relatively clear water and 
minimal surf. In contrast to surveys using MBES 
technology, ALB data can collect data across the 
intertidal area, providing a link between bathymetric 
and topographic datasets and enabling the creation 
of a seamless, high resolution DEM (Figure 8). 
 

 
 
Figure 8   ALB data, Motiti Island (Source: LINZ). 
 
3. Case study – 2016 Kaikōura earthquake 
Following the magnitude 7.8 earthquake in the NZ 
South Island in 2016 LINZ became involved in 
collecting data to understand the impact on land and 
the seafloor. As was widely reported in the media 
and by GNS Science, parts of the seafloor uplifted 
1 to 1.5 m [9] exposing marine habitats and causing 
a major shift in marine species communities. 
 
3.1.1 Topography & bathymetry 
Working with the Royal Australian Navy’s Laser 
Airborne Depth Sounder (LADS) team, LINZ were 
able to collect ALB data along the coast from Cape 
Campbell to Kaikōura (Figure 9).  
 

 
 

Figure 9   ALB data collection following earthquake event 
(Source: LINZ). 
 

Combined with topographic LiDAR and MBES 
bathymetric data, it was possible to map the 
Papatea Fault extending offshore. 
 

 
 
Figure 10   Surface rupture along the Papatea Fault 
(Source: Julian Thomson, GNS [10]). 
 

 
 
Figure 11   Visualisation of the Papatea Fault combining 
topographic LiDAR, aerial imagery, ALB and MBES 
bathymetric datasets (Source: LINZ). 
 
3.1.2 Building outlines 
Within 12 hours of the earthquake the building 
outlines data was used twice, first to direct 
evacuation efforts in the potential tsunami 
inundation zone, and then to evacuate downstream 
of a natural gravel dam that had formed as a result 
of the earthquake and was at risk of breaching. 
 
3.1.3 Roads 
To assist NZTA with planning the re-alignment of 
State Highway 1 along the coast, LINZ provided 
NZTA with the RAN LADS dataset in terms of 
NZVD2016 and a GIS data file of the Mean Sea 
Level (MSL) extracted from the ALB dataset. 
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4. Resilience and climate change 
LINZ has an active role in co-ordinating and 
promoting the use of geographic data to support 
New Zealand to prepare for and respond to 
emergencies and climate change events. 
 
In addition to improving the key datasets, LINZ staff 
are available during and after emergencies to 
coordinate the collection and supply of aerial 
photography, LiDAR elevation data, and 
bathymetry. This allows agencies responding to or 
recovering from an event to record the scale of 
damage and assess impacts. For example, the 
extent of a flood, or the loss of farmland after a fire. 
 
5. Emergency response exercise 
In preparation for an actual event, LINZ ran an 
emergency exercise in March 2021. The aim was to 
better understand what Support Agencies do, help 
LINZ staff learn more about the various response 
roles, and to understand what might happen in a 
real event. The response followed the Coordinated 
Incident Management System (CIMS) national 
standard for incident management. 
 
An Incident Management Team was activated, and 
a coordination centre established. The team worked 
over three half-day shifts, including collaboration 
with external agencies - the National Emergency 
Management Agency, GNS Science, Survey + 
Spatial NZ and NZTA. 
 
6. Summary  
As the government agency responsible for 
collecting, coordinating, managing and distributing 
authoritative geospatial data LINZ plays an 
important role in enabling those who make 
decisions on the impacts and risks of emergency 
events and climate change to have the right 
geospatial information [11]. 
 
Through the national programmes underway and 
planned for the future, the coverage and quality of 
geospatial data in the coastal zone is being 
improved. This data is critical in the support of 
Aotearoa’s coastal resilience. 
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Abstract 
A public open space on the Tāmaki Makaurau waterfront known as ‘Te Wānanga’ has been constructed as 
part of a wider transformation of the Tāmaki Makaurau downtown area. The project constitutes a tidal shelf of 
interconnected spaces, a coastal forest, and apertures to the sea below. 
 
Green-lipped mussel (kūtai) restoration is incorporated into the design, with the aim of re-establishing ‘living’ 
systems in the Tāmaki Makaurau urban marine environment. Māori knowledge and philosophy have strongly 
influenced the co-design process. 
 
Green-lipped mussels were once abundant in the Hauraki Gulf, before overfishing and pollution caused stocks 
to collapse in the mid-1900s. Successful translocations of mussels have been undertaken as part of the ‘Revive 
our Gulf’ project, but have not previously been attempted in the Tāmaki Makaurau city centre. 
 
Trials of pile wraps and a novel floating buoy system seeded with mussels were deployed in June 2020, to 
inform the final deployment in May 2021.   
 
Success criteria include survival and growth rates of mussels, and establishment of other native and non-
native species, with the aim of providing targeted substrate and systems to enhance native biodiversity. So 
far, the mussels are holding their own, and attracting other native species even in this heavily impacted 
environment. However, as seen in other urban marine environments, there is competition from invasive 
species such as Undaria and the Mediterranean fanworm. 
 
Given its location in the heart of the city the project provides an excellent opportunity to educate the general 
public about pollution and invasive species, and to showcase the cultural and ecological benefits of shellfish 
restoration through a co-design process. 
 

Keywords: marine ecological enhancement, mussels, restoration 
 
 
1. Introduction 
 
A public open space on the Tāmaki Makaurau 
(Auckland’s) waterfront known as ‘Te Wānanga’ has 
recently been completed as part of a wider 
transformation of the Tāmaki Makaurau downtown 
area led by Auckland Council and Auckland 
Transport. The project constitutes a constructed 
‘tidal shelf’ which sits out over the southern end of 
the Ferry Basin. The structure brings together 
interconnected spaces, including a coastal forest 
and apertures to the sea below. 
 
Māori knowledge and philosophy strongly 
influenced the co-design process. In Te ao Māori 
(the Māori world view) all parts of the ecosystem 
have a relationship with one-another, and the land 
and the sea are inherently connected. The concept 
of ’Ki Uta Ki Tai’, or the journey of wai (water) as it 

comes from the sky, flows over the land and 
eventually flows out to sea, is strongly expressed in 
the design of Te Wānanga, which incorporates both 
terrestrial and marine ecological components. 
 
Green-lipped mussel (kūtai) (Perna canaliculus) 
restoration is incorporated into the design, with the 
aim of re-establishing ‘living’ systems in the urban 
marine environment of Tāmaki Makaurau. 
 
Kūtai were once abundant in the Hauraki Gulf, 
before overfishing and pollution caused stocks to 
collapse in the mid-1900s (Paul, 2012, Jeffs et al. 
1999). Successful translocations of kūtai have been 
undertaken as part of the ‘Revive our Gulf’ project 
(Wilcox et al., 2018) but have not previously been 
attempted in the city centre of Tāmaki Makaurau.  
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This paper presents the results of a trial deployment 
of kūtai on the waterfront of Tāmaki Makaurau 
between June 2020 and February 2021. The results 
of the trial were used to inform the approach for a 
larger deployment of kūtai to Te Wānanga in May 
2021.   
 
2. Site location 
 
The project site is located within the inner reaches 
of Te Waitematā (the Waitematā Harbour) 
(Figure 1). The kūtai ropes used in the trial were 
sourced directly from mussel farms in the Firth of 
Thames, Coromandel and installed onto pontoons, 
wharf piles and a novel floating buoy system (waka 
floats) at sites in the Maritime Museum Basin 
(Maritime Basin) and Ferry Basin on the waterfront 
of Tāmaki Makaurau (Figure 1). The site in the Ferry 
Basin was directly adjacent to the construction area 
of the new Te Wānanga public open space. 
.     

 
Figure 1. Location of kūtai installations in the Maritime 
Museum Basin and Ferry Basin in Te Waitematā Harbour, 
Tāmaki Makaurau. 

 
3. Kūtai trial deployment methods 
 
Ninety metres of blank kūtai grow out line were 
deployed in March 2020 onto two waka floats, eight 
pile wraps and six pontoon lines. Blank lines were 
deployed to provide a comparison of species 
composition and biofouling extent to lines seeded 
with kūtai. 

Two rounds of harvesting and deploying kūtai for 
the trial were conducted between 15 and 26 June 
2020. A total of 100 m of seeded kūtai line was 
harvested, with 90 m of seeded kūtai line deployed. 
Kūtai were deployed as follows: 
 

• One waka float in the Ferry Basin 
• Four pile wrap lines in the Ferry Basin 
• One waka float in the Maritime Basin 
• Three pontoon lines at each of two 

locations (inner and outer) in the Maritime 
Basin 

• Four pile wrap lines in the Maritime Basin 
 
Prior to installation of the lines biosecurity treatment 
of the lines via immersion in freshwater for 90 
minutes was required as part of a Biosecurity New 
Zealand (BNZ) permit for translocation of material 
that could contain unwanted organisms. The target 
unwanted organisms were the Mediterranean 
fanworm (Sabella spallanzanii), Japanese Kelp 
(Undaria pinnatifida) and Clubbed tunicate (Styela 
clava). 
 
Once the freshwater treatment was completed 
sections of kūtai lines were installed on pontoons, 
wharf piles and waka floats in the Maritime Museum 
Basin, and on wharf piles and waka floats in the 
Ferry Basin, following a Karakia (blessing) from Ngā 
Mana Whenua o Tāmaki Makaurau.   
 
GoPro and underwater drone video footage was 
used to monitor the blank and seeded lines at 
approximately monthly frequency between June 
2020 and February 2021. Footage was analysed to 
estimate kūtai percentage cover, biofouling and the 
presence of unwanted organisms as stipulated in 
the BNZ permit. 
 
At the completion of the trial in February 2021 kūtai 
shell growth over the deployment period was 
estimated by measuring the distance from the 
stress line on the shell created during the 
translocation, to the edge of the shell. A total of 150 
kūtai were measured at the completion of the trial. 
Results were pooled by location into four groups – 
Ferry Basin pile wraps, Ferry Basin floats, Maritime 
Basin inner site pontoons and Maritime Basin outer 
site pontoons (Figure 3). No kūtai were measured 
from the Maritime Basin float due to access issues 
on the day of monitoring.  
 
4. Results 
 
Two changes to the configuration of the kūtai lines 
were required over the period of the trial. In January 
2021 the pile wrap lines in the Ferry Basin were 
relocated to a second waka float in the Ferry Basin 
as remediation work on the wharf rendered the 
location untenable. As a result of the remediation 
works these lines were exposed to mechanical 

Ferry basin 
Maritime basin 
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stress through contact with silt curtains and 
scaffolding, and biological stress through lower light 
conditions and exposure to dust and other material 
entering the water from the remediation works. After 
transfer to the waka float the four pile wrap lines 
were pooled and measured as one combined group.  
 
One of the pile wrap lines in the Maritime Basin was 
left unmonitored due to health and safety concerns 
with accessing the underside of the wharf. As such 
the results of monitoring of a total of 12 lines are 
presented in Figure 2.  
 
4.1 Percent cover of kūtai 
 
Percent cover of kūtai on the lines ranged between 
80 % and 95 % on deployment (Figure 2). After the 
eight-month period percent cover of kūtai ranged 
from 70 % to 90 % with eight of twelve lines 
maintaining 80 % or greater coverage of kūtai. 
Lower percent cover was generally associated with 
a lower starting point of cover (e.g. pontoon line 
MM_OP_10 from 80 % to 70 %) or as a result of the 
additional stress and relocation experienced by the 
pile wrap lines in the Ferry Basin (Float line 
FB_F_PW_CS from 95 % to 70 %). 
 

 
Figure 2. Bar plot comparing kūtai percent cover for each 
seeded line at the start of the trials (June 2020) and the 
end of the trials (February 2021). 
 
4.2 Kūtai growth rates 
 
Kūtai shell growth over the monitoring period was 
apparent at all deployment locations (Figure 3). 
Shell growth was generally higher at the Maritime 
Basin sites than the Ferry Basin sites. This is likely 
to be a result of the additional stress caused by the 
construction and remediation works the lines at the 
Ferry Basin site were exposed to. 
 
Maritime Museum sites had double the amount of 
shell growth compared to Ferry Basin sites 
(median= 6 mm vs. 3 mm).  

 
Figure 3. Box plot comparing kūtai shell growth (mm) 
between the four site locations based on distance from 
the stress growth line. 
 
4.3 Biofouling density 
 
Biofouling density and taxonomic diversity was 
estimated for each blank line and each seeded kūtai 
line. Biofouling was categorised into nine broad 
taxonomic groups to compare between sites and 
between blank and seeded lines. The composition 
of biofouling was further broken down into a 
presence/absence matrix, with a total density score 
per line. Overall, algae and tunicates were the most 
widespread biofouling across the lines with 
bryozoans, sponges, anemones and polychaetes 
also commonly present (Figure 4).  
 

 
Figure 4. High density of tunicates observed on an outer 
pontoon blank line in December 2020. 
 
The native kelp species Ecklonia radiata was 
dominant across sites, but particularly on the 
Maritime Museum pontoon lines, where there was 
an existing source population (Figure 5). 
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Figure 5. Native Ecklonia radiata kelp growth observed on 
the inner pontoon lines seeded with kūtai in December 
2020. 
 
The seeded lines had a higher diversity of 
taxonomic groups than blank lines, despite a shorter 
period of time in the water. This higher diversity was 
driven by the presence of bryozoans, sponges, 
anemones, and polychaete worms. However, the 
density of biofouling was much greater across blank 
lines (medium-high) compared to seeded lines (very 
low-low). This is likely due to the longer period of 
deployment (11 months) and the more rapid 
establishment of biofouling on blank lines due to the 
availability of space. Tunicates were often a 
dominant taxonomic group on blank lines (Figure 4).  
 
Mobile species recorded during the monitoring 
rounds included glass shrimp (Palaemon affinis), 
triplefins (Fosterygion sp.) and crabs (e.g., pill box 
crabs Halicarcinus sp.) which were present within 
the lines using the kūtai and biofouling for habitat.  
 
During the January 2021 monitoring round, fish 
recruits were observed schooling around and within 
the inner and outer pontoon lines at the Maritime 
Basin (Figure 6). Fish species were a mixture of 
Parore (Girella tricuspidate) and spotties 
(Notolabrus celidotus). This highlights the nursery 
habitat function that these lines provided over the 
summer recruitment period (Ermgassen et al. 
2020).  
 

 
Figure 6. Nursery function of the lines highlighted by fish 
recruits observed schooling around the inner and outer 
pontoon lines in the Maritime Museum Basin. 

4.4 Unwanted organisms 
 
At the final monitoring round the density of the 
unwanted organisms (Mediterranean fanworm 
(Sabella spallanzanii), Japanese Kelp (Undaria 
pinnatifida) and Clubbed tunicate (Styela clava)) 
were generally low and patchy with a greater 
density and presence on blank lines vs. seeded 
lines. A substantial bloom of Undaria was observed 
at all sites in the October 2020 monitoring round but 
most likely appeared prior to this as it was already 
well established in October (Figure 7).  Most of the 
Undaria had died back by January 2021 with only a 
few remnant branches left (Figure 8).  
 

 

 
Figure 7 (top) showing Undaria pinnatifida bloom on the 
Maritime Museum seeded waka float (Nov 2020) and 
Figure 8 (bottom) subsequent die off on the same float in 
February 2021. 
 
5. Discussion 
 
Overall, the trials have proven successful. Kūtai 
have maintained good retention on the lines over 
the nine-month period and there has been 
measurable shell growth. A range of biofouling 
species have colonized the lines, with minimal 
numbers and densities of unwanted organisms 
present at the final monitoring round (Feb 2021). 
High density of biofouling on blank lines is likely the 
result of a longer deployment period as well as 
greater space available for colonisation in the 
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absence of kūtai. However, kūtai lines showed 
greater species diversity and lower numbers of 
invasive species compared to blank lines.  
 
The combination of different biofouling communities 
on the seeded and blank lines has established a 
diverse species assemblage which is contributing 
ecosystem services such as habitat provision, water 
filtration and carbon sequestration (Rullens et al. 
2019). 
 
While outcomes were slightly less favourable for 
kūtai at the Ferry Basin locations, post-construction 
environmental conditions are anticipated to be 
similar to those at the Maritime Museum. Therefore, 
outcomes for the full deployment of kūtai at Te 
Wānanga are expected to be similar to those at the 
Maritime Museum location. 
 
These findings suggest that Te Wānanga is a 
suitable location for deployment of kūtai and 
supported the decision to proceed with the full 
deployment of kūtai at Te Wānanga in May 2021. 
This involved deploying 600 m of kūtai lines across 
38 waka floats positioned around the perimeter of 
the Te Wānanga deck and an open aperture (Figure 
9). 
 

Figure 9. The completed Te Wānanga in July 2021 
showing the 38 waka floats seeded with kūtai suspended 
along the front edge of the deck.   

6. Conclusions 
 
Successful translocations of kūtai have been 
undertaken in the wider Hauraki Gulf in areas away 
from the urban centre of Tāmaki Makaurau but to 
date had not been attempted in the heart of the 
Tāmaki Makaurau waterfront. The results from this 
trial indicate that Te Wānanga is a suitable location 
for deployment of kūtai and supported the decision 
to proceed with a larger deployment of kūtai in May 
2021. 
 
Given its location in the heart of Tāmaki Makaurau 
Te Wānanga provides an excellent opportunity to 
educate the general public about pollution and 
invasive species, and to showcase the cultural and 
ecological benefits of shellfish restoration through a 
co-design process. 
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Abstract 
Mooring lines present one of the largest hazards in a working port, and can fail for many reasons including line 
condition, metocean drivers (wind, wave, current), passing ships, and line pretension. Mooring lines restraining 
a vessel to a wharf or mooring dolphins act like large springs, and the stored energy contained within a 
tensioned line can introduce very large forces to surrounding infrastructure in the event of a sudden failure; an 
unacceptable risk to people working in these areas if not managed appropriately.  
 
Typical strategy employed by port managers is to create exclusion zones for working activities while a vessel 
is at berth. The ‘snapback zones’ that present a greater risk are reasonably straightforward to identify using 
various mooring guidelines and standards. However, results from this strategy often lead to overly conservative 
outcomes, and restrictions enforced as part of this approach can limit operations (particularly ongoing 
maintenance windows). For a busy berth, this is generally not good enough and the asset condition can suffer. 
 
Other systems also exist to increase functionality of a berth and manage personnel access, such as line tension 
monitoring via load sensing pins on quick release hooks or ‘smart’ bollards, often coupled with audible alarm 
systems if specified tensions are exceeded. However, on berths where there is a history of mooring line failure, 
alarms can go off so frequently that it does not necessarily lead to an increased availability for personnel 
access. 
 
Mooring line barriers are often a last resort. Design of these barriers is complex and there is little guidance 
available in the literature. In recent years, WGA have completed several projects for port authorities and bulk 
export ports, focussed on the effects mooring line failures have on port operations, and looking at ways to 
improve safety and maximise allowable activities in hazardous zones. Through these projects, WGA have 
come to identify that traditional force displacement methods for analysis may be inadequate for describing the 
behaviour of barriers and, in some cases, the barrier itself may pose a considerable risk to personnel.  
 
 
This paper describes some of the key considerations and factors in design and installation of mooring line 
barriers. 
  

 
 
Figure 1  Mooring line barrier protecting quick release hooks and capstan (Source: Author). 
 
Keywords: mooring analysis, safety, port operations, mooring line failures, snapback. 
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1. Introduction 
 
This paper will first describe the common issues 
associated with mooring line failures in ports, 
including the safety concerns and the relevant 
mitigation strategies that are typically employed. It 
will then discuss the lack of guidance currently 
available in codes / standards and other literature 
when it comes to the design of mooring line barriers 
and suggest recommendations and further actions 
to improve the state-of-the-art approach for 
designing new mooring line barriers in the future. 
 
2. Background 
 
Anyone working in a port environment alongside 
berthed vessels will hopefully be aware of the 
hazards introduces by mooring lines. Vessels at 
berth are by no means static, and combinations of 
environmental factors including wind, current and 
waves (particularly long waves), other vessels 
(particularly effects of deep draught vessels 
passing by in channels within close proximity) and 
even human error (both berthing and departing 
vessels) can cause failures of mooring lines at 
alarming frequencies. Some ports with long wave 
and / or seiching issues can break hundreds of 
lines in a year. 
 
The authors have worked on numerous projects in 
a variety of different ports looking at mooring line 
failures including safety workshops and 
assessments and analysis of mooring line barriers. 
Fortunately, awareness of the issue is relatively 
high and even visitors are presented with important 
information by way of site inductions. 
 
Most of the guidance to people working in port 
environments in the vicinity of ship lines relates to 
avoiding snapback zones. These are often clearly 
marked on the wharf or jetty infrastructure. But 
while this is straightforward on some berths, 
particularly those that require little human 
movement or interaction in typical operations, on 
other berths it is nearly impossible to avoid the 
bollard or quick release hook locations of at least 
some of the lines. 
 
In these instances, it is common to install mooring 
line barriers as an additional safety measure, but 
there is little (almost no) guidance available for 
engineers to use or rely upon when designing 
these barriers. 
 
3. Mooring line failures 
 
Mooring lines for most working ports dealing with 
Panamax or even Cape Size vessels will typically 
be in the range of 80-90t up to 200t (minimum 
breaking load or MBL). Several different materials 
can be used, and are typically nylon or either 
braided polyester, polypropylene, or polyethylene 

in construction, largely depending on the stiffness 
(modulus) and wear characteristics that are 
warranted for the situation. In most typical 
instances, the lines are the property of the vessel 
and the ship’s master’s responsibility to ensure that 
the lines are in good condition. In practice, the 
actual condition of the lines is found to vary 
broadly, and it is fair to say that there are many 
lines that are still used by ships that should have 
been put out of commission long ago. Some ports 
are more vigilant with this than others, largely 
dependent on the underlying risks and the position 
taken by the harbourmaster and the mooring crew 
team. 
 
There are some ports that have trialled using their 
own high modulus mooring lines to address this 
issue, but this is not widespread and has generally 
been done in conjunction with some other 
mitigation strategy such as the installation of 
Shoretension devices for critical lines. An example 
of this is shown below in Figure 2. 
 

 
Figure 2   Shoretension device with port owned 
and supplied high modulus breasting line (Source: 
Author) 

Mooring lines can fail for a variety of reasons, as 
described earlier, but in the authors’ experience are 
most frequently associated with either long wave 
activity, wind gusts, or passing vessels. 
Importantly, data obtained from various ports 
(unable to be reproduced in this paper due to 
privacy of the asset owners) demonstrates that 
mooring lines typically fail at tensions that are well 
below the typically specified limit of 55% MBL. 
Sometimes failures occur at line tensions less than 
10% of the specified MBL for a given mooring line.  
 
In terms of a ‘pure’ tension failure of a line, this can 
only be attributed to the line being in very poor 
condition. But the situation is often more complex 
as failures frequently occur where the lines change 
direction at fairleads or similar. The effects can be 
thought of as chafing, but more specifically are a 
combination of wearing, cutting, and kinking of 
individual fibres in the rope/braid arrangement, and 
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general fatigue. Ports will often try to use sheave 
blocks and / or switch out the location of maximum 
curvature in the line to improve the durability of 
mooring lines where large changes of direction are 
necessary (up to 180 degrees for some spring lines 
and in some instances where Shoretension 
devices are used). It’s worth noting that in these 
instances the reaction on bollards or connection 
points is potentially doubled by the vector sum of 
the two parts of the rope – a 100t mooring line can 
induce 200t of reaction at a bollard in this instance. 
 
4. Mooring line barrier types 
 
Mooring line barriers come in all shapes and types. 
There are no standard designs and there is 
considerable variability in what has been installed 
at various facilities. Several examples are 
presented in figures 3 to 7, taken from several 
different berth types from various port locations. 
 

 
Figure 3   Sheet cladding on mooring line barrier 
behind breast line quick release hooks and 
capstan, view from front / side (Source: Author) 

 
 

 
Figure 4   Front and rear mooring line barrier either 
side of quick release hooks and capstan, front with 
open mesh and line passing below, view from side 
(Source: Author) 

 

 
Figure 5   Larger vertical screen type mooting line 
barrier cantilevered from post supports cast into 
ground for breast line bollard (Source: Author) 

 

 
Figure 6   Mooring dolphin with screen protection 
provided to access walkway (Source: Author) 

 

 
Figure 7   Walkway with mooring line barrier / 
screen for dolphin access (Source: Author) 

 
 
 
5. Design considerations 
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Design engineers, particularly those with structural 
analysis backgrounds, tend to assess things in 
terms of actions (usually forces) and reactions. 
While this is convenient for designing the members 
and sections that are used in port infrastructure, the 
reality is that there are many instances where 
forces can be a less helpful (and potentially 
misleading) metric. Examples of this are found 
readily in port and maritime engineering, including 
obvious things such as the design of fenders 
(generally nonlinear force response for a given 
energy). 
 
A similar situation exists with mooring line failures; 
the designer is dealing with energy, not forces. 
Whilst the astute reader may interject that forces 
are a consequence of energy through the product 
of force and deflection, the section herein will show 
that in the case of mooring lines (or other extremely 
high velocity elements) static force-displacement 
methods are inadequate for describing the transfer 
of energy. 
 
The stored energy in a mooring line at full 
extension, just before MBL is achieved, relates to 
the modulus of the line and the maximum breaking 
force. If lines fail at tensions that are less than the 
MBL, then there is less stored energy in the line. 
Whilst the relation is somewhat linear (more so 
than supercone fenders as an example) the secant 
modulus of the line does vary under tension, with 
increasingly more energy stored at higher 
percentages of the MBL. 
 
The calculation of stored energy in a line is 
therefore the relationship between the secant 
modulus and elongation and can generally be 
described with spring potential energy: 
 

𝐸𝐸𝑃𝑃 =
1
2
𝑘𝑘 ∆2 

      =
1
2

 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠  ∆2 

      =
1
2

 𝑃𝑃%𝑀𝑀𝑀𝑀𝑀𝑀 𝜀𝜀%𝑀𝑀𝑀𝑀𝑀𝑀 𝐿𝐿𝑖𝑖 

=
1
2

 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠  ( 𝜀𝜀%𝑀𝑀𝑀𝑀𝑀𝑀  𝐿𝐿𝑖𝑖)2                                  (1) 
 
Where: 
𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠 = Secant spring stiffness at %MBL being 
considered 
𝑃𝑃%𝑀𝑀𝑀𝑀𝑀𝑀 = Design tension load, corresponding to a 
percentage of the MBL 
𝜀𝜀%𝑀𝑀𝑀𝑀𝑀𝑀 = Design strain, corresponding to the design 
tension load 
𝐿𝐿𝑖𝑖 = unloaded length of the line 
 
 
 
 
 

As a line breaks, stored potential energy is 
transferred to kinetic energy. Due to speed at which 
the force transfers through the line, the energy 
transfer is not uniform, with the tip being 
accelerated for longer than the rest of the line. The 
transfer of energy to the kinetic state is not lossless 
and some attempts have been made to quantify the 
percentage of energy lost in the process of the line 
breaking. Bitting [3] quantified these losses for 
various line types, factoring down the potential 
energy with a term known as the Energy Release 
Ratio. Thereafter, further losses occur, primarily 
through drag in the air, which can be significant at 
the extremely high velocity that breaking mooring 
lines travel at. 
 
An initial assumption of the authors was that these 
drag forces must be so significant that the energy 
in the line at the time of contact with a barrier was 
reduced sufficiently such that structures generally 
deployed in practice were sufficient for real world 
loads. Review of various testing programs and 
video evidence from ports around Australia 
demonstrates this to be far from true, with failures 
occurring even at low percentages of the MBL. 
 
To further complicate issues, conventional wisdom 
for the transfer of energy to force within the 
structures does not seem to hold. For low velocity 
considerations, when a mass with momentum 
interacts with another mass force is transferred by 
means of the dot product with deflection until the 
initial moving body is arrested, at which point the 
deflection is maximised and the force is maximised, 
providing linear elastic behaviour holds. 
 
Breaking mooring lines move at such high 
velocities that the local deflections in a structural 
interaction vastly exceed yield before the force has 
time to propagate through the structure to the 
supports. For these reasons, static force deflection 
considerations are completely inaccurate in 
describing the ability of a mooring barrier to absorb 
energy and often overstate their capacity due to 
assuming the structure can deflect uniformly, which 
it can’t. 
 
There is no guidance in any of the literature, 
including codes and standards, on how to quantify 
the above effects (or even to make mention of them 
at all), and so it is not surprising that many seem to 
have taken the approach that ‘strong and robust’ is 
the right answer when tackling this problem. These 
solutions lead to very large upper limit forces, 
which are difficult to deal with and will lead to 
sudden and catastrophic failures, often with 
unpredictable consequences after local failure of 
members. Some examples of rigid structures are 
provided below in Figure 8 and Figure 9. 
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Figure 8   Braced mooring line barrier wit roof 
section on mooring dolphin – rigid arrangement. 
(Source: Author)   

 
Figure 9   Braced mooring line barrier wit roof 
section on mooring dolphin – rigid arrangement. 
(Source: Author) 

 
6. Structural Analysis 
 
WGA have completed significant work on 
describing the kinematics of breaking lines and are 
able to quantify energy and velocity of line tips with 
reasonable accuracy to real world testing, 
however, the calculations are quite onerous and 
will be presented in full as the topic of an extended 
paper not subject to the same page limitations at 
this conference paper. 
 
That said, WGA can present the results of the 
“resistance model”; the model that describes the 
structural response to these calculated energies 
and velocities. Through the development of the line 
energy and velocity it became apparent that the 
transfer of momentum was a significant 
mechanism by which the lines were arrested. Due 
to their low mass (at the tip) and extremely high 
velocities (often around Mach 1) the tip of broken 
lines had high momentum but extremely high 
energy (owing to the v and v2 terms in their 
respective equations). As such, design that 
focusses on transfer of momentum was expected 
to perform better than design based around the 
resistance of resultant forces, for which the forces 
calculated may not even occur due to the 
previously mentioned limitations of force 
displacement models at high velocities. 
 

An example of both poor momentum performance 
and poor force displacement performance is given 
below in Figure 10 where a 60% MBL Nylon rope 
failure was modelled with an impact occurring 
midspan of grating. Whilst the grating generated 
reasonable deflections, its mass was so low that 
there was very little transfer of momentum. 
Similarly, due to the velocity of the line, ultimate 
tensile failure occurred in the middle of the grating 
before the force was able to move through the 
structure to the ground. As such, the energy that 
could be absorbed through force-displacement of 
the structure never occurred and failure of the 
structure eventuated at energies much lower than 
the intended 60% MBL (Closer to 10% MBL). 
Figure 11 shows the much larger energy 
absorption that can occur when the frame 
members are impacted instead, and global 
structural deflections absorb the energy. 
 

 
 
Figure 10   Failure of grating due to high velocity 
impact of line tip. 
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Figure 11   The same model as Figure 10 when the 
frame is allowed to deflect fully. 
 
The case presented in Figure 11 demonstrates not 
only the energy absorbed by the force-
displacement of the frame but also shows a much 
larger mass being mobilised as the entire structure 
moves. This is much more favourable for the 
transfer of momentum as a larger mass means a 
lower velocity for the same momentum, which in 
turn is related to acceleration, and thereby related 
to force. 
 
This would seem to validate the design philosophy 
of ‘strong and robust’ but the opposite phenomena 
can be observed in overly rigid frames. Whether 
one thinks in a stiffness framework or a momentum 
framework the phenomena is the same – stiff 
elements do not deflect very much and attract large 
amounts of load. Speaking to the momentum 
framework, this is because the conservation of 
momentum must be preserved but it is difficult to 
mobilise the necessary velocity on discrete 
elements without large displacements, which they 
do not want to do owing to their stiffness. The result 
is extremely large local accelerations, which 
translates to large local forces. This creates a 
similar issue to that described in Figure 10 whereby 
local failure occurs well ahead of the force being 
able to propagate out through the structure and 
mobilise it globally. 
 
The quandary here for any designer is that the 
range of solutions when solving for energy are so 
large and potentially do not describe the entire 
problem, especially when momentum is not also 
considered as a design consideration. In either 
case, the shortfall of structures currently in use can 
be as much as an order of magnitude or more. 
 
Simply, we have a widespread issue of inadequate 
barriers in use at ports around the world and little 
to no literature to enable engineers to mitigate 
these risks. 
 
 
 
 
 
 
 
 

 
Summary 
 
It is time that proper guidance is developed for the 
design of mooring line barriers. Current codes/ 
standards / technical resources go as far as stating 
where mooring line barriers may be required but fall 
short of providing and design advice for the barriers 
themselves.  
 
Specific advice and best practices should be 
presented for the design of efficient energy 
absorbing (and momentum transferring) structures, 
including the maximum resultant forces expected 
as a consequence of these structures in the event 
of a major mooring line failure. 
 
Further testing and research are required to 
achieve this task, as the existing data set for 
mooring line failures is scarce, and the physical 
testing is limited. As a topic, mooring line failure 
and the severity of its potential consequences 
invites action from all within the industry, 
harbourmasters, ship captains, port authorities, 
consultants, and academics inclusive.  
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Abstract 
This paper examines the impacts of natural coastal processes on a range of important indigenous and cultural 
assets on the coast in NSW Australia, through a series of case studies.  
 
At Saltwater Point, near Taree NSW, Biripi country, the boulder lined cliff is receding, likely exacerbated from 
sea level rise, resulting in the exposure of buried artefacts, especially stone tools.  Saltwater Point is also a 
renowned surfing break.  The paper applies contemporary coastal process techniques and presents a range 
of management options for this site. 
 
In Lake Victoria NSW, Barkindji country, altered water levels and erosion caused indigenous burial sites to be 
eroded.  In 1994, one of the earliest geotube structures in Australia was constructed to protect this site. 
 
Arrawarra, near Coffs Harbour NSW, Gumbaynggirr country is one of the best examples of a coastal fish trap 
in NSW, and is possibly the oldest functioning open coast coastal structure in the state.  There are numerous 
examples of fish traps on rivers in Australia which may be millennia old, however, sea level rise and wave 
action have meant that any surviving coastal structures more than 6,000 years old would now be well under 
the sea. There are also hundreds of surviving examples of fish traps on the Australian coast. The Arrawarra 
fish traps are believed to be at least 1,000 years old, and were rebuilt in 2006.  Arrawarra is also the site of a 
renowned surf break. 
 
Conventional coastal management in Australia has often involved high dollar value real estate or public 
infrastructure on sandy beaches.  This paper presents alternative stakeholders and paradigms into the 
complexity of coastal management. 
 
Keywords: erosion, cliff erosion, indigenous artefacts, aboriginal archaeology, surfing, coastal management, 
coastal structures. 
 
1. Introduction 
This paper examines the impacts and engineering 
management of coastal processes on important 
indigenous foreshore assets in NSW Australia, 
through case studies for: 
 
• Saltwater Point Biripi country 
• Lake Victoria Barkindji country 
• Arrawarra Gumbaynggirr country. 
 
2. Saltwater Point NSW, Biripi Land 
Saltwater Point is Birpai (Biripi) land, located near 
the present village of Wallabi Point NSW (Figure 1).  
Saltwater Point has a long history of aboriginal 
occupation and is also a renowned point break for 
surfing, with protection from southerly winds.   
 
The foreshore is mostly composed of loose rounded 
hard igneous cobbles, with some embedded in an 
underlaying conglomerate of soft, erodible siltstone 
(Figure 2, Figure 3).   
 
The loose cobbles extend up to about 2 m AHD 
(Australian Height Datum – approximately mean 

sea level), before transitioning to a steeper cliff face, 
which is soft in places, and less erodible in others.  
The prevailing waves transport sand and the 
cobbles predominantly to the north.  Generally, the 
cobbles disappear from view at the concrete access 
ramp, but are evident at the northern end of 
Saltwater Beach – Wallabi Beach at times. 
 
Reference [2] notes that the embankment has been 
eroding/receding, particularly as a result of large 
ocean storm events from the north-east to east such 
as those of June 2016 and February 2020.  This 
erosion has unearthed indigenous artefacts such as 
stone tools (Figure 4). 
 
The following options were not considered viable, 
with a brief reason provided with the structure type: 
 
• Sand (required steepness and stability) 
• Shotcrete (aesthetics) 
• Concrete piles - secant or contiguous (hard 

substrate, aesthetics) 
• Formed concrete (cost and aesthetics) 
• Sheet piles (hard substrate, aesthetics) 
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Figure 1   Saltwater Point location (Google maps) 

 

 
Figure 2   Foreshore and embankment looking east at 
Saltwater Point, with right hand point break (Chris 
Drummond) 

 

 
Figure 3   Foreshore and embankment looking west at 
Saltwater Point, with right hand point break (Chris 
Drummond) 

 

 
Figure 4   Eroding embankment unearthing artefacts 

Ten potentially feasible protection options were 
considered, namely: 
 
• Angular cobbles/pebbles 
• Rounded cobbles/pebbles 
• Large armour rock 
• Dimensioned stone 
• Gabions 
• Grouted small rock 
• Geobags 
• Artificial rock 
• Timber 
• Hybrid of the above 
 
An unmanned aerial vehicle (UAV, “drone”) survey 
was undertaken by WRL Senior Engineer and drone 
pilot Chris Drummond on 7 July 2020 at low tide.  
This drone survey captured high resolution aerial 
images and a detailed digital terrain model  
 
The UAV survey of the site was completed using a 
DJI Phantom 4 RTK multirotor equipped with a high 
resolution RGB camera.  This platform is a fully 
autonomous survey-grade mapping UAS which 
carries an on-board RTK-GNSS receiver.  Survey 
control was provided by strategic placement of six 
black and white targets which were surveyed using 
ground based RTK-GNSS. observations connected 
to nearest CORSnet base station. Aerial images 
were processed using Pix4Dmapper to produce a 
geo-rectified orthomosaic image and 3D digital 
elevation model. Point clouds were cropped to 
exclude water surfaces by removing survey points 
below 0.4 m AHD, as well as manual cropping as 
required. This process ensured that the point cloud 
was an accurate representation of terrestrial 
surfaces only. 
 
The 2018 NSW government bathymetric LIDAR 
dataset (https://elevation.fsdf.org.au/) was 
integrated with the WRL UAV survey to generate a 
seamless DEM, from which cross sections were 
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extracted for visualisation and wave calculations 
(Figure 5). 

 
Figure 5   50 m transects developed for visualisation and 
wave modelling [2] 

 
A range of standard coastal engineering techniques 
were applied for preliminary sizing of concept 
options. These included: 
 
• Tides and storm surge from measured data 
• Offshore waves from measured data 
• Wave transformation from numerical modelling 
• Wave runup from empirical models 
• Sea level rise from future projections 
 
All these options have advantages and 
disadvantages, and differing aesthetics, noting that 
the foreshore at Saltwater Point is naturally lined 
with rounded boulders.  The selection of the 
preferred option involves criteria beyond 
engineering. Because the structure will be located 
on a natural headland with a natural cobble 
foreshore, “end effect” issues associated with 
coastal structures on sandy beaches are not 
applicable. A range of qualitative assessment 
criteria was developed and conveyed to 
stakeholders, namely: 
 
• Design life 
• Steepest gradient 
• Relative capital cost 
• Maintenance 
• Main advantages 
• Main disadvantages 
 
Following consultation between NPWS staff and 
traditional owners, stakeholders elected to pursue a 
hybrid large armour rock and cobbles/pebbles, 
similar to that used at the iconic surf break, Crescent 
Head (Figure 6, Figure 7). 
 
At the time of writing (August 2021), the project is 
progressing to design development. 
 
 

 
Figure 6   Angular and rounded rock enhancement of 
existing cobble foreshore at Crescent Head NSW. Note 
adjacent surf break (James Carley) 

 

 
Figure 7   Suggested cross section of large armour rock 
toe with cobble infil [2] 

 
3. Lake Victoria NSW, Barkindji Land 
A general map of the study area is shown in 
Figure 8 and Figure 9. [9] and [10] reported that 
Lake Victoria, traditionally known as ‘tar-ru’ is 
located in the south-western comer of NSW and is 
connected to the Murray River by a series of locks 
which control the inflows to the Lake.  
 
Prior to the late 1920s the Murray River and Lake 
system were connected by Frenchmans Creek and 
the Rufus River. The Murray River filled and drained 
the Lake depending on the levels in the River. This 
natural process of Lake filling and draining was 
modified in the late 1920s with the construction of a 
network of locks, levee banks and inlet and outlet 
works. 
 
In 1994 when the lake was lowered for 
maintenance, human remains and artefacts were 
discovered [7]. 
 
The Murray Darling Basin Authority consequently 
consulted with Barkindji people, and engaged 
Australian Water and Coastal Studies (AWACS) to 
develop options for protection of embankments [9], 
[10], (Figure 10). 
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Figure 8   Lake Victoria location in western NSW [7] 

 

 
Figure 9   Lake Victoria location north of Murray River 
(Google maps) 

 

 
Figure 10   Bank erosion at Snake Island c1994 [10] 

 
This led to one of the first geotextile tube (“geotube”) 
structures in Australia. Comprehensive coastal 
engineering studies were undertaken, including: 
 
• Site data acquisition and compilation including 

sediment coring 
• Anemometer installation 
• Wind wave calculations 
• 2D wave flume modelling of geotube stability 

and wave transmission 
• 3D basin modelling of geotube stability and 

wave transmission 
• Construction documentation and monitoring 

The geotube barrier (Figure 11, Figure 12, 
Figure 13) was constructed by extracting sand from 
3 m beneath the clay floor of the lake and 
hydraulically filling a 1.2 m diameter tube and 
nourishing the area between them and landward of 
them. The tube was constructed from two layers, 
namely an outer non-woven geotextile (Bidim A44) 
and an inner woven polypropylene. It was reported 
to stand 0.8 m high. The design report 
acknowledged the risks of vandalism, debris 
damage and estimated a life of the outer fabric 
exposed to UV light of 5 to 10 years, but noted that 
it would be covered with sand approximately half the 
time. 
 
The geotube wave barrier, more recent structures 
including geobags, and general change around the 
Lake are documented annually in MDBA reports [4]. 
 

 
Figure 11   Geotube barrier cross section [10] 

 
Figure 12   Geotube barrier alignment on Snake Island 
[10] 

 

 
Figure 13   Geotube barrier on Snake Island c1995 [10] 
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4. Arrawarra NSW, Gumbaynggirr Land 
4.1 Fish Traps in Australia 
Reference [5] noted the following regarding fish 
traps: “Indigenous people throughout Australia have 
constructed fish traps and weirs over a long period 
of time and there is considerable variety in types, 
numbers, size and location of these sites. They 
were designed to capture aquatic animals, 
predominantly fish, and the more durable of these 
structures (i.e. those made of stone) are still visible 
on Australia’s coasts and rivers today…  
 
Fish traps have assumed an important place in 
discussions concerning late Holocene Aboriginal 
culture change, in particular their possible role in 
increasing marine production … However, attempts 
to directly date these structures have so far been 
unsuccessful … with chronology often established 
through dating of associated cultural [relics]... 
Recent discussions … have also developed the 
idea that some stone features in the intertidal zone 
are associated with the cosmological landscape 
rather than serving a purely economic function.” 
 
[5] has documented hundreds of indigenous fish 
traps in Queensland. They are less documented in 
NSW, but examples of their documentation include 
[1] which confirms three fish trap sites on the 
northern NSW coast, and [3] which discusses tens 
of fish traps throughout NSW based predominantly 
on oral history. [8] estimated the distribution of fish 
traps around the Australian coast as shown in 
Figure 14, and conceded that there were many 
more to be discovered. 
 
Fish traps more than approximately 6,000 years old 
will no longer be visible on the present foreshore 
due to the rise in global sea level rise. Global sea 
levels rose approximately 120 metres in the period 
from 21,000 years ago to 6,000 years ago.  
 

 
Figure 14   Prevalence of fish traps in Australia by state. 
Note that the author [8] and other references indicate that 
this is almost certainly an underestimate, however, the 
relative prevalence appears plausible 

4.2 Arrawarra Headland Fish Trap 
Perhaps the most visible fish traps in coastal NSW 
are at Arrawarra, Gumbaynggirr country, 
approximately 30 km north of Coffs Harbour 
Figure 15.   
 
Reference [6] stated that these are thought to be 
approximately 1000 years old. They were restored 
under the supervision of Garby elders over 3 years 
from 2006. 
 
This fish trap coexists with a renowned right hand 
surfing point break (Figure 16, Figure 17), and is 
also arguably the oldest evident coastal structure in 
NSW. They are an important component of cultural 
tourism in the area. 
 

 
Figure 15   Arrawarra Headland location (Apple Maps) 

 

 
Figure 16   Foreshore and fish trap at Arrawarra 
Headland, 2015. Note adjacent right hand point 
break (James Carley) 
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Figure 17   Nearmap image of fish trap at Arrawarra 
Headland, 21/12/2013. Estimated to be approximately 
1000 years old. Rebuilt in 2006 

 
5. Conclusions  
Coastal management using coastal structures has 
usually revolved around protection of built assets 
with high economic value such as houses and 
infrastructure. 
 
Surfers are also often involved as stakeholders 
within coastal management. Fish traps at Arrawarra 
and other sites, together with embankment 
protection at iconic surf breaks shows that coastal 
protection works and surfing can coexist. 
 
While less obvious to many, engineering protection 
of cultural assets using contemporary coastal 
engineering techniques has already been 
undertaken in Australia, and is likely to become an 
increasing consideration within coastal 
management. 
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Abstract 
 
This paper explains how coastal structures such as breakwaters are built efficiently and to specifications 
using robust, yet precise, GNSS systems. The marine environment is challenging to work in precisely – 
waves and currents, corrosive saltwater, hard to access the floating plant, underwater positioning, to name a 
few of the challenges. Coastal structures are expensive to build and some conditions such as rough seas will 
slow down construction. However when conditions are suitable the contractor needs to build as efficiently 
and safely as possible.  
To achieve efficiency, a clear flow of digital data is vital – the flow from the initial hydrographic survey to the 
structure design to the construction phase through to ‘as placed’ quality control is explained. Once this data 
flow is efficient, then construction using GNSS systems can be carried out as fast as possible, which drives 
the costs down. 
Based on years of experience installing such systems around the world (case examples from India and the 
Middle East) the sensor integration on a wire crane and excavator is explained. Machine operators are 
typically not familiar with computer use so 3D graphical displays are used which aid faster training of the 
operators and ensures that the operators place structures or blocks in the interlocked position.  
The aim of using GNSS, sensors and 3D graphics marine construction systems is to build the structure right 
the first time, build it as fast as possible, and confirm that it's built to design. 
 
Keywords: precise positioning, quality control of construction, GNSS, coastal structures, breakwaters 
 
1. Introduction 
Port development, safe navigation, protection of 
infrastructure and climate change drive the need for 
breakwaters. To control the time and cost of building 
these structures in an extreme environment, the 
design must be followed. While GNSS does not 
work underwater it is possible to have a crane or 
excavator fitted with a rugged, sensor-based 
system to transfer the precise position and 
orientation of material underwater and control the 
construction on land and underwater. Since a 
significant amount of marine construction is carried 
out underwater, the use of 3D computer 
visualization is essential. This paper explains the 
technologies used to achieve the resultant 
efficiencies.  
 
2. Constructing breakwaters 
The marine construction processes of dredging and 
diking (material placement) are well covered in 
existing literature and work practices. The top layer 
of a breakwater, called armour, requires careful 
design and construction as it has to survive the 
majority of the wave forces. There are many types 
of public and proprietary block designs used on the 
top layer of a breakwater. Md. Salauddin [2] and 
Reedijk [4] discuss some of the common blocks in 
use. Some blocks are licenced by intellectual 
property and the companies that own them will only 
warrant their product if it’s built, and proven to be 
built, and documented to have been built to their 
specifications. This paper explains a method to 

place armour blocks and report on the quality of 
construction.  
 
There are typically four ways of pattern placing 
concrete blocks underwater: 

1. Lower and release them using divers to 
guide and confirm interlocked positions  

2. Use GNSS positioning for X, Y horizontal 
positioning only 

3. Use GNSS positioning and extra sensors 
for 3D positioning of the blocks as placed 

4. Use GNSS positioning and extra sensors 
for 3D positioning and block attitude of the 
blocks as placed 

The first method is the lowest cost to install on a 
crane and the fourth method has the highest 
installation cost. However the productivity rate 
increases and overall construction costs reduce 
when more  sensors are installed such as the fourth 
method. 
 
3. Precise concrete block guidance systems  
 
The aim of using a GNSS construction-based 
system is to deliver precise 3D positions (within 
centimetres) and orientation of the concrete block 
that is on the end of the wire rope or excavator 
clamp. Then efficiencies in production rate and 
quality of placement are seen. 
. 
3.1 Wire Crane System 
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When using a wire crane the placement production 
rate is slower compared to a hydraulic excavator. 
However, wire cranes can carry heavier blocks at a 
greater radial distance. 
A precise dual antenna GNSS receiver is used with 
one antenna on the cabin roof and one on the crane 
boom tip - Figure 1. This delivers crane heading and 
3D centimetric position accuracy on the boom tip. 
Dual axis tiltmeters are located on the crane boom 
and the cabin body to account for the motion. 
A cable-out sensor is mounted on the main wire 
drum to measure the distance from the crane boom 
tip down to the centre of the concrete block. 

 

 
A crane slew-ring sensor allows the barge to be 
positioned independently to the crane to aid its 
positioning. 
An option is to add a recoverable block attitude 
sensor to the block being placed. The sensor is 
positioned inside a rugged stainless steel and 
Kevlar data cabling unit that is used to get the data 
back to the crane - Figure 2. 

 

 
A rugged Windows PC collects the CAN and 
Ethernet based data from the sensors and the 3D 
guidance and visualization software is in front of the 
operator in the cabin. The cabin PC is connected to 
the Internet for 24/7 support and data management, 
because as it can be quite an effort to get to site and 
then get out to the crane for support and design 
updates. Figure 5 shows a typical block placement 

set of screens as well as the actual underlying filter 
layer (shown as the rainbow colours) as surveyed.  
 
3.2 Excavator System 
When using a hydraulic excavator the precise dual 
antenna GNSS receiver has both antenna on the 
counterweight behind the cabin - see Figure 3. A 
GNSS+Inertial Measurement Unit (IMU) system is 
located on the excavator cabin body. A series of 
IMU tiltmeters are mounted on the boom, stick and 
wishbone typically via a CAN cable.  
An excavator slew ring sensor allows the barge to 
be positioned independently to the excavator to aid 
its positioning. 

 

 
When the excavator is placing material or dredging 
a bucket is used. When the machine is placing 
concrete blocks a hydraulic clamp that can rotate is 
used and an extra sensor is added to measure 
rotation attitude - see Figure 4. 

 

 
A rugged Windows PC and 3D visualization 
software is mounted in the cabin. 
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Figure 5.  Software in the machine cabin showing 
guidance for black placement and adjoining as placed 
blocks 
 
3.3 Work flow - design, revisions, as-placed 

report 
It's essential to have a quality hydrographic survey 
carried out well in advance of a design. These 
surveys are typically carried out with multibeam 
technology on a survey boat.  
The design engineer then creates 3D models for the 
various material layers that have to be dredged and 
then placed to build the breakwater / revetment. 
Typically, the models are a series of 3D DXF files - 
see Figure 6.   
 

 

 
The design surface model is loaded into the 
computer in the cabin - either remotely over the 
internet or by a USB key. A crane or excavator with 
a precise GNSS receiver installed places the 
materials into the water and at any time the operator 
can then use the digging tool to ‘touch’ laid material 
to check if it is up to grade. The grid model in the 
software updates the as-built surface so that the 
operator knows where to place more material to 
achieve the design grade shape. For blocks, such 
as Core-LocTM [3], the as-built surface of the layer 
prior to block placement (filter layer), must be 
surveyed and pass the design criteria. 
The layer of armour blocks is designed for a certain 
packing density of coverage and thickness. 
Different block sizes can be used on breakwaters - 
usually larger blocks at the toe of the breakwater. 
The design engineer will provide a spreadsheet 
much like that shown in Figure 7, which has Block 
number, design 3D position of its centre, orientation 
and attitude, and block type. 

 

 
As blocks are placed the as-placed position and 
orientation are recorded in the same spreadsheet 
by the software. To determine the attitude of the 
block while placing it, a recoverable sensor (Figure 
2) on the block is used. The sensor feeds data to 
the in-cabin software. Once the block is placed in 
position and orientation is recorded, the block is 
displayed correctly on the 3D screen in the 

software. Then the attached sensor is jerked-off and 
recovered, and then used on the next block to be 
placed. For Core-LocTM blocks [3], the manufacturer 
states that the positioning system must be accurate 
to C/12 where C is the height of the block. Then it 
must be recorded to C/12 accuracy as placed. 
At any time the operator or the engineer can use the 
software to determine if the required block packing 
density is being met. It is computed as per Equation 
(1)   
 

𝑃𝑃𝑃𝑃 = 𝑁𝑁 / 𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿  (1) 
    
Where,  
PD = packing density per square meter  
N = number of blocks in the rectangle 
Lx = horizontal length of the section in m  
Ly = length up the slope along the slope in m 
 
4. Case Study 1 - Breakwater construction 

- offshore reefs 
  
Business Challenge: As part of the Mangalore 
Coastal Protection Project in India, the joint 
venture construction team were contracted to 
realign existing breakwaters to redirect sand 
towards receding beaches, and to construct two 
offshore reefs to stabilize the shoreline.  

Solution: 

● Commercially available precise GNSS 
construction system for block placement 
using wire cranes [1] Mr Shinoj. 

Benefits: 

● Placed an average of 200 tetrapods/day, 
versus target 50/day 

● Achieved centimetre accuracy in x, y, z 
coordinates versus traditional accuracy of 
greater than 30 cm 

● Limited need for divers to check work in 
dangerous conditions 

● Completed project in 3 months, versus 
projected 6.5 months 

 
Located on the Arabian Sea, the port city of 
Mangalore in the Indian state of Karnataka faced a 
severe coastal erosion problem that posed an 
imminent threat to port operations and waterfront 
property. 
 
As part of this effort, the marine construction joint 
venture team was tasked with restoring the area 
around the port city.  The team realigned existing 
breakwaters to redirect sand to fast-depleting 
beaches, built onshore groynes (low walls) and 
constructed two 250-metre-long artificial offshore 
reefs located about 600 metres from the shore to 
stabilize the shoreline and replenish the beaches. 
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To complete the job, the team operators used two 
wire cranes as shown in Figure 9 to place 6,500 
tetrapods—5,250 six-ton tetrapods and 1,250 10-
ton tetrapods, along with armour rock.  
 
Positioning the tetrapods per the design 
specification is typically a time consuming and 
labour-intensive tasks that presents operators and 
divers with challenges such as turbid water and 
wave motion. Using traditional methods, the 
tetrapods would be placed within a margin of error 
of 50 cm horizontally and 30 cm vertically. Per the 
project owner, the construction team had six 
months to complete the project.  

 

 
“Water turbidity limits our operators’ and divers’ 
ability to position and check the placement of the 
tetrapods, which sit as deep as 7 metres below 
sea level,” said Jafar Patel, Operations Head-
Marine Projects at DVP Infra Projects Pvt Ltd. 
“Visibility is typically less than a metre, and the 
weather in this area is unpredictable. We were 
looking for a way to reduce risk to our team and 
improve efficiency.” 
 
4.2 Filling the Gaps 
Ordinarily, the construction team operators would 
vertically position the tetrapods using a reference 
paint mark on the crane wire, accounting for tide.   

 

 
“When we started the project, the client, 
stakeholders, owners, and even our team were 
doubtful as to whether we would be able to 
complete the project in the favourable season,” 
said Patel. 
 
The team evaluated a precise GNSS and marine 
construction visualization solution. The platform 
includes software in the cabin, sensors on the wire 
drums and a dual antenna GNSS receiver installed 
on the wire cranes as well as a precise RTK base 
station to locate the tetrapod relative to the design 
in 3D.  
 
“Initially, we had six divers on the project checking 
placement and monitoring the gaps between 
tetrapods because we were apprehensive about 
the value of the GNSS and software system in a 
deep-sea operation such as this,” said Patel. 
“Within one week, our opinion totally changed.” 
 
4.3 Saving Time/Raising Accuracy 
The original owner-defined target was for the 
construction team to place 50 tetrapods per day. 
With the GNSS system the operators averaged 
200 tetrapods per day, and even set a record for 
235 in one day. 
 
“We also achieved centimeter level accuracy in x, 
y and z coordinates—so there was no need for 
divers on the job anymore. In addition, we were no 
longer limited to daytime work, so we worked two, 
nine-hour shifts,” confirmed Patel.  
 
Subsequently, the construction team completed 
the reef construction in just three months, better 
than 50% faster than initial projections.  
 
“The value of the technology went far beyond our 
imagination,” said Patel. “This was a challenging 
project—and the GNSS and software made it 
easy, simple and safe. We estimate that we 
covered the cost of the system in 15 days.” 
 
The owner was equally pleased. “The use of a 
GNSS and 3D visualization solution helped in 
timely completion of the project,” said Gopal Naik, 
Project Director for the Department of Water Ports 
and Inland Water Transport, Government of 
Karnataka. 
 
6.  Case Study 2 - Core-LocTM block 

positioning with Quality Assurance 
This project required a circular breakwater to be 
built with two different sized Core-LocTM blocks to 
protect a coastal power station. 
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Figure 10 shows the complex design which is 
circular with transitioning slopes. For this type of 
design it is much faster to place armour units using 
a digital approach with GNSS compared with the 
challenges when using non-digital conventional 
means.  
A crawler crane was fitted out with precise GNSS 
and sensors and a PC in the cabin. Underwater 
attitude sensors were used on each block prior to 
placement. 
 

 

 
 

 

 
While training and commissioning the system 
Figure 12 shows a good way to confirm the 
positioning system is working precisely as the 
armour units are placed on land in front of the crane 
cabin. Surveyors can directly measure the exact 
position, orientation and separation of the blocks 
independently of the software system data.  
This proof of repeatability meant that the operator 
could manoeuvre adjacent armour units carefully 
into the existing units to get the desired packing 
density without chipping the placed concrete 
armour. This GNSS based positioning system was 
4.5 times less expensive than a sonar based 
system. Also one of the disadvantages of a sonar 
system is that it can’t be used on armour units above 
the water line.     
 
5. Quality assurance and return on 

investment 
In general, the owner of a breakwater needs to have 
documentation of compliance with the design as 
assurance that the structure remains functional for 
its design life. With a GNSS system the positions of 
the ‘as placed’ blocks can be recorded and 
conveyed to the engineer while placement is 
happening. When an attitude sensor is used on the 
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block, in conjunction with GNSS, then the operator 
can interlock blocks and adjoining blocks with less 
damage and fewer gaps. The operator can use the 
mouse to view the current block and its adjacent 
blocks from all angles to make sure the block is well 
interconnected.  
 
At any stage in construction, or after completion, it 
is possible to quickly check (QA) the block packing 
density. This can be carried out on the in-cabin 
computer by drawing a polygon around the blocks 
of interest and producing a report. The right hand 
side of Figure 13 shows a 3D view of ‘as-placed’ 
blocks in green. The red block is the next block 
design location to be placed and the actual block on 
the hook is shown in yellow.    

 
The operator or even the engineer uses the left-
hand side of the screen in Figure 13 to create a 
polygon around blocks of interest and generate a 
packing density report. 
 

 
Figure 14   Packing Density Report - available on the  
screen and as a PDF file. 
 
Figure 14 shows that for the user defined polygon 
there are 20 blocks designed giving a density of 
0.745 / m2. 19 blocks are currently in that area and 
so it is up to the engineer to accept that density, or 
request another to be placed. 
 
5.1 Return on Investment - As the case studies 
show there is a strong productivity gain using 

precise GNSS guidance systems for block 
placement. These gains are due to:  

● the ability to work 24 hours a day 
● being able to work when water is turbid   
● having an immediate ‘as-placed’ record 

with quality assurance 
● saving time and money waiting on sonar 

surveys  
● being able to position blocks above and 

below water line 
The Mangalore project achieved 200 block 
placements a day compared with the planned 50 a 
day. The construction company advised that the 
GNSS system was paid off in 15 days. In countries 
where the machine and personnel costs are higher 
the system would pay for itself in 7 days.  
 
6. Summary  
Technology exists for achieving large gains in 
productivity for placing and documenting concrete 
armour unit placement above and below the water 
line. There is increased safety when using these 
systems because there is a lot less reliance on 
divers to confirm block placement. 
The ‘as placed’ position and orientation of each 
block is recorded and packing density reports can 
be quickly produced for engineering sign off. 
One project alone in India shows the return on 
investment comes within 15 days. 
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Abstract 
The evolution of coastal planning guidance in New Zealand has seen an increased acceptance and 
expectation for softer management approaches to erosion issues along the coastal fringes of our coastline. In 
order to predict the likelihood of success of a particular management response an understanding of the nature 
and extent of erosion issues at a particular site is often overlooked. 
 
The eastern end of Cooks Beach on the Coromandel Peninsula on the North Island of New Zealand has been 
subject to erosion pressure over recent years. Analysis of the beach monitoring record from across the frontage 
revealed that the erosion was isolated to the eastern portion of the beach with mild accretionary to stable 
trends noted along the remainder of the beach. Qualitative analysis of the aerial photo record revealed that 
the ebb-tide delta had changed in size and form. The change in this feature is considered to have contributed 
to the erosion issue along this part of the beach as the upper beach position essentially adjusts to the changes. 
The erosion issue was exacerbated by the installation of a large rock revetment approximately 400m in length 
leading to further retreat of the adjoining reserve associated with end effects. These changes were able to be 
detected within the beach monitoring record independently of the typical beach fluctuations in volume and 
position. 
 
This more detailed understanding of the erosion issue allowed for the development of a backstop wall and 
dune restoration management response. Sand for the dune restoration was sourced from the ebb-tide delta 
which presented a degree of uncertainty about how the feature and beach would react in turn. Subsequently 
an Adaptive Monitoring and Management Plan (AMMP) was developed to monitor and manage any potential 
adverse effects. 
 
Keywords: coastal erosion, coastal geomorphology, adaptive management. 
 
1. Introduction 
Increasingly the planning framework within New 
Zealand (e.g. New Zealand Coastal Policy 
Statement and Regional Coastal Plans) is requiring 
coastal managers to explore the full range of 
possible options that can be applied for protection 
from coastal erosion. Not all are suitable in all 
situations, and often the biggest determinant of 
what solution is carried out is cost. As well as 
financial considerations, the method of protection 
and form of defence is linked to the value of the 
coastal development/assets being protected, site-
specific exposure conditions, the hydraulic 
performance required, ecological and 
environmental benefits, beach usage (amenity, 
tourism etc) and resilience to climate change. But 
ultimately, respective management options need to 
consider the underlying coastal dynamics in order to 
address erosion issues.  
 
Subsequently, as well as the traditional hard 
engineering approaches, increasingly the use of 
soft management techniques or “natural/nature-
based” solutions, as a way of mitigating coastal 
hazard risks to specific sites are being employed. A 
nature-based approach may consist purely of 
natural coastal structures (e.g. beach, dune, 
vegetation) whereas a combination of natural 
elements and traditional coastal structures (e.g. 

seawall, groynes, breakwater) is commonly referred 
to as a hybrid solution. In general, the New Zealand 
Resource Management planning framework 
encourages use of softer engineering approaches 
for coastal management where applicable due to 
the reduced potential for adverse effects upon the 
local coastal processes and the respective local 
receiving environment. As a result, coastal 
managers are increasingly having to balance the 
requirements of the regulatory framework with the 
expectations of stakeholders wanting to see coastal 
erosion issues effectively managed.  
 
Figure 1 shows a continuum of coastal protection 
management options developed by the National 
Oceanic and Atmospheric Administration (NOAA) 
[3]. The options on the left represent soft or “green” 
living shoreline design approaches (natural 
materials only), with projects on the right 
representing harder “grey” shoreline stabilisation 
techniques. In the middle are examples of hybrid 
approaches where structural elements are 
incorporated into living shoreline designs.  
 
Often, a combination of coastal protection methods 
can be more successful than implementing a single 
method alone. For example, beach nourishment 
and vegetation are often used together with 
engineered structures such as temporary groynes  
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Figure 1   Continuum of green (soft) to grey (hard) shoreline stabilisation techniques. (Source: [3]). 

or breakwaters to help retain beach material and 
allow the vegetation to become established. While 
traditional coastal structures may be necessary at 
certain sites where coastal erosion poses an 
immediate threat to development and/or 
infrastructure, softer solutions may offer an effective 
and viable alternative to armoured shorelines by 
providing natural materials that buffer wave action, 
absorb storm impacts, filter pollutants, and provide 
food and shelter for a variety of wildlife. For a given 
site with its unique environment and causes of 
erosion, different structures – “hard”, “soft” or a 
combination – may be applicable. Subsequently, it 
is considered that a more detailed understanding of 
the underlying erosion issues is required to allow for 
the development of site-specific erosion 
management solutions.  
 
2. Site Description and Background 
Cooks Beach is situated on the east coast of the 
Coromandel Peninsula approximately 3km east of 
Whitianga (Figure 2). Cooks Beach is approximately 
3km in length; the subject area of sand loss is 
situated toward the eastern extent of the beach 
which has been exposed to notable erosive coastal 
processes over the past few years. The erosion has, 
at least in part, been attributed to end effects from a 
recently constructed rock revetment seawall (circa 
2015) located immediately to the west of the subject 
site (Figure 3).  
 
3. Coastal Setting 
The subject site is generally orientated east to west 
and therefore exposed to waves from the northwest 
to the northeast. Because of the limited fetch from 
the northwest and the north due to landmasses, it is 
considered that the largest waves approaching the 
beach are generally from the northeast, either as 
wind  generated  storm  events or open ocean swells 

 

 
Figure 2   Location of Cooks Beach on the Coromandel 
Peninsula, with the area of concern indicated by the red 
polygon. 
 

 
Figure 3   Zoomed in image of the subject area of erosion 
showing the neighbouring rock revetment (red line). 
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refracting into the bay. Large east swell events are 
also thought to reach the site after similarly 
refracting around Cooks Bluff. In general, waves 
operating at the beach during storm and/or swell 
events are expected to be in the range of 0.5-2m. 
Significant protection is afforded to the site due to 
its inset position within Mercury Bay, and the 
presence of Shakespeare Cliffs to the west and 
Cooks Bluff to the east.  
 
The wider beach setting is considered to be an 
example of a meso-tidal wave dominated estuarine 
system, characterised by the spit, ebb-tide delta and 
flood-tide delta features (Figure 4). It is considered 
that the central basin feature (highlighted in purple 
in Figure 4 below) is poorly formed due to the limited 
accommodation space afforded by the small 
drowned river valley. The ebb-tide delta feature is 
considered to be a high angle half delta following 
the classification system of Hicks and Hume [2].  
 
In accordance with the Wright and Short 
Morphodynamic classification system [5] the beach 
itself is considered to be ‘Reflective’ due to its short 
beach length, presence of beach cusps and wave 
climate. The bathymetry offshore gently grades into 
Mercury Bay to a depth of 10m before a sharp drop 
to 50m beyond the extent of the bay. Cooks Bluff to 
the east of the beach appears to provide significant 
shelter to the shoreline as the depth contours 
indicate a build-up of sand material in its lee. 
 

 
Figure 4   Geomorphic features of the Cooks Beach/ 
Purangi Estuarine system with the subject site indicated 
by the red arrow. White = Sandspit; Yellow = Ebb-Tide 
Delta; Blue = Flood-Tide Delta; Purple = Central Basin; 
Green = Bay Head Delta. 

 
4. Assessment of Erosion Issue 
 
4.1 Beach Profile Analysis  
A high-level analysis of the beach profile data at 
Cooks Beach has been undertaken using the Beach 

Morphology Analysis Package (BMAP) [4], utilising 
the five beach monitoring points from across the 
beach (Figure 5 refers). A more detailed analysis 
focusing on Profile CCS31-2 was made as this 
profile is situated in the primary area of concern at 
the far eastern end of the beach. The other 
remaining profiles were briefly analysed for context 
of wider beach behaviour.  
 
The more detailed investigations within the subject 
area of concern focused on volume analysis and 
various beach positions for key geomorphic points 
along the beach profile (e.g. MHWS, dune toe and 
dune crest). This enabled for a more qualitative 
analysis to allow for localised modifications from 
prior management activities such as beach push 
ups. 
 

 
Figure 5   Location of the beach monitoring profiles across 
Cooks Beach.  

 
Data from the central and western portions of Cooks 
Beach (CCS29 and CCS30) demonstrate a mild 
accretionary trend in sand volumes above Mean 
Sea Level (MSL) (e.g. Figure 6). However, due to 
the sparsity of early data points the analysis may be 
slightly skewed and it is assumed that this part of 
the beach is in a dynamic equilibrium. 
 

 
Figure 6   Monitoring data analysis of beach volumes 
above MSL from the central portion of Cooks Beach. 
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Conversely, data from the beach profiles at the 
eastern end of the beach illustrate a reasonably 
strong erosion trend, with an estimated 30% loss of 
beach material above MSL at CCS31 over the 40-
year monitoring period (Figure 7). However, the 
position of the dune has not retreated to the same 
extent, and this is thought to be related to the 
stability afforded by the dune planting cells.  
 

 
Figure 7   Monitoring data analysis of beach volumes 
above MSL at the southern end of Cooks Beach.  

The erosion trend is not as strong in profile CCS31-
1, but this is thought to be related to the degree of 
modification that has occurred and eventual 
construction of a revetment seawall plus ad-hoc 
coastal protection structures prior to that. A review 
in greater detail regarding the nature of these 
modifications may provide an insight into the nature 
of the beach behaviour at this monitoring point, but 
for the purpose of this assessment and for design 
purposes it has been ascertained that moderate 

erosional phase has occurred while the system 
adjusts to infilling of the estuary. Further, given the 
dynamics of the ETD and spit features in general 
the site can be expected to experience phases of 
erosion linked to phases in weather patterns and 
sediment transport. 
 
Similarly, the volume analysis data from CCS31-2 
at the far-eastern extent of the beach showed a 
weaker erosion trend but this is thought to be the 
result of site modifications such as the nourishment 
and dune reconstruction works in 2016 artificially 
accreting the profile. Instead, a better 
representation of the beach state at this section is 
provided by the position of the RL2.5m contour 
relative to the benchmark that was been used as a 
proxy for the dune crest/bank position. Despite 
modifications and nourishment works at CCS31-2, 
this part of the beach system dune crest has 
retreated approximately 20m over the past 27 years 
(Figure 8). Through this analysis a susceptibility to 
this part of the beach to sustained La Niña weather 
phases was identified, although this would need to 
investigated further for patterns across the beach to 
confirm a trend. 
 
4.2 Historic Aerial Photo Analysis  
Anecdotal evidence suggested that the delta has 
been expanding and therefore decreasing the size 
of the channel adjacent to the main boat ramp over 
the past 10 years or so. Qualitative analysis of the 
available historic aerial photos from the Retrolens 
website was undertaken as a part of this 
investigation. Of note is the orientation and  

 

 
Figure 8   Beach monitoring data analysis of the dune crest position from the far eastern end of Cooks Beach showing 
migration of dune crest from datum point. The phase of the ENSO over this timeframe is shown, with blue indicating La 
Niña dominated phases and red for El Niño. The red arrow indicates the installation of the adjoining rock seawall. 
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Figure 9   Channel position and orientation between 1944 and 2018 indicated by the red arrows. Note the bifurcating 
channel in 2016 showing some variance but in the same general orientation. 

 

eastward shift of the ebb-tide delta and Purangi 
Estuary channel between 1971 and 1984. It is noted 
that the position of the channel has also moved post 
1984 but the dominant trajectory has settled to a 
northerly flow as opposed to the more west north-
west flow in the aerial imagery prior to 1984. This is 
summarised in Figure 9 (above).  
 
It was also noted that significant areas of mangrove 
colonisation have occurred post 1971. This is not 
uncommon across northern New Zealand and has 
been often attributed to land use changes and/or 
hydrodynamics changes to the system. At Cooks 
Beach it is mostly likely that land use change in the 
catchment and the limited accommodation space 
are the primary contributing factors. Whilst difficult 
to ascertain from aerial photography, sediment 
infilling    is    often    associated    with     mangrove  
colonisation, which in turn can lead to a reduction in 
the tidal prism size. With a reduced tidal prism, the 
ebb-tide flows and volumes are also expected to 

have reduced which may in turn have contributed to 
the change in the form of the ebb-tide delta noted 
above. 
 
4.3 Summary of Erosion Issue  
On balance, it is considered that the eastern end of 
Cooks Beach is subject to a progressive erosion 
issue. Due to the mostly sheltered nature of the site 
the erosion is typically associated with storm events 
and periods of storminess, such as changes in the 
El Niño-Southern Oscillation (ENSO) cycle. 
 
The cause of the wider erosion issue appears to be 
in part related to modification of sediment deposition 
patterns reducing the volume of sand material being 
supplied to the eastern beach.  This is thought to be 
the function of changes to the ebb-tide delta, a 
reduction in the tidal prism and infilling of the 
Purangi Estuary, i.e. a shallower estuary has less 
tidal water capacity and subsequently has less 
potential energy in the ebb flow to transport sand 
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out to the beach. This is consistent with ebb-tide 
delta formation theory, but it is recognised that 
these are complex features with a range of 
determinant factors to shape, size and form [2]. This 
conclusion is consistent with estuarine evolutionary 
models which predict a loss of material from a 
barrier feature as a wave dominated estuary 
reaches its maturity. It is noted that upon reaching 
maturity the barrier feature is expected to then 
accrete as marine sediment sources are no longer 
able to be accepted within the estuarine system [1]. 
 
At the subject site specifically, it is likely that 
encroachment over the active dune and beach 
margin has hampered the ability for the beach to 
recover effectively following periods of storminess 
and erosion. These normal erosion and subsequent 
accretion cycles can be seen in the centre and 
western portion of the beach where dune cells are 
present and, as noted above, the beach appears to 
be operating in a dynamic equilibrium.  
 
The impact of erosion events at the eastern beach 
appears to be punctuated by end effects related to 
the recent construction of the adjoining revetment 
seawall to the immediate west of the subject site. 
The impact of the end effects was noted within the 
beach monitoring data which resulted in a 
pronounced retreat of the dune/bank crest.  
 
It is therefore considered that the current erosion 
phase was close to its maximum, meaning that a 
softer management solution was able to be applied 
in this situation. 
 
5. The Solution 
Based upon the assessment of the erosion issue a 
hybrid solution involving a backstop seawall and 
nourishment regime was developed. To assist with 
the success of the nourishment regime, planting of 
dune species was undertaken to help retain the 
nourished sand. It was highlighted and accepted by 
the client that during periods of storminess the wall 
would be exposed, and that maintenance would be 
required.  
 
The backstop wall was situated approximately 2m 
behind the existing dune/bank crest, anticipating 
that it would remain buried under most conditions 
observed in the monitoring record (Figures 10 and 
11). This allowed for a stabilised sand wall to be 
used due to the limited exposure of the structure 
that was expected. The stabilised sand structure 
was preferred because of the aesthetic values once 
exposed and the cost saving associated with 
utilising local material. Sand from the excavated 
trench was used in the construction with the 
inclusion of cement fly ash to increase the amount 
of fine material in the mix, thereby increasing the 
binding capacity and strength of the final product. 
The final mix ratio was determined to be 220kg 

cement:110kg cement fly ash:1000m3 sand during 
the detailed design and construction phase.  
 
A sand source for the nourishment activity was 
identified in the ebb-tide delta. This was seen as the 
most appropriate source due to its proximity to the 
site and ability to recharge naturally via local coastal 
processes and specifically the balance of exchange 
between it and the flood-tide delta within the 
estuary. 
 
Planting of both foredune and back species was 
undertaken following completion of the construction 
works. The intent of the back dune planting was to 
control the transport of wind-borne sand onto the 
adjacent reserve, pathway and road areas. The  
 

 
Figure 10   Construction of the stabilised sand backstop 
wall. 

 

 
Figure 11   The area of nourished sand prior to dune 
planting showing the buried nature of the backstop wall. 

253



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The Importance of Knowing Your Erosion 
Morgan, S and Clarke, A 
 

foredune planting was initiated behind the crest of 
the backstop wall to ensure the establishment of the 
plants and enable encroachment down the 
nourished sand dune. 
 
Due to the uncertainty associated with the 
frequency of exposure of the structure and the 
volume of sand required for replenishment an 
Adaptive Monitoring and Management Plan 
(AMMP) was developed in order to manage any 
uncertainty around the potential adverse effects on 
the receiving environment. In particular this related 
to future nourishment works and sources of sand for 
these activities. 
 
The AMMP focused on monitoring the ecological 
and geomorphic conditions within the general 
receiving area, on both a baseline and construction 
activity basis. This was intended to provide a broad 
data set from which to evaluate changes within the 
system. Indicative potential effects were highlighted 
with measurement standards within the monitoring 
analysis from which to gauge and assess changes 
in more detail. Should the changes identified be 
linked to the physical works, then changes in the 
management regime can be made. 
 
Based upon site observations and monitoring data 
to date the dune planting and nourished sand have 
remained in place. This accounts for the impacts of 
a significant storm event and extend period of swell 
activity in late May 2021 (Figure 12). It is recognised 
that the site was sheltered from the impact of 
elevated water levels due to wind set up from the 
strong south-easterly winds associated with the 
event.  
 

 
Figure 12   Subject site following a significant storm event 
in May 2021. Note the established dune cell migrating 
down over the nourished material and backstop wall 
providing additional resilience during the storm event. 

 

6. Summary  
This assessment has identified that the most 
significant change at the far-eastern end of Cooks 
Beach contributing to the erosion problem was 
changes to the form of the flood-tide delta. This has 
been punctuated by periods of storminess and end 
effects associated with the installation of the 
adjoining rock revetment seawall. The assessment 
of the underlying erosion issue at the site has 
allowed for the development of a hybrid coastal 
protection solution with the incorporation of natural 
processes.  
 
The AMMP which has been developed includes a 
range of monitoring requirements in order to assess 
the changes in the system with the intent of 
identifying any potential adverse effects. 
Management triggers were also highlighted as a 
means to address any potential effects. This was 
considered as an effective means of addressing the 
inherent uncertainty when dealing with coastal 
systems. 
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Abstract 
The Ōpōtiki Harbour Development Project involves stabilising the entrance of the Waioeka River to allow 
reliable and safe access for maritime activity. This project is the first major river training works to be designed 
in New Zealand in over 100 years and involves construction of twin 400 m long training wall breakwaters, 
dredging a navigable channel into the Harbour, and closing the natural river mouth. 
 
The design solution chosen involves conventional rubble mound breakwaters armoured with Hanbar concrete 
armour units and includes a wide rock armoured toe apron. Design of the Harbour entrance breakwaters has 
involved a complex process of defining both coastal and river design parameters that input into the detailed 
design of the structures. Key aspects of both coastal and river processes were modelled numerically and 
physically with the results of the modelling feeding into the detailed design of the structures. Data obtained 
from site investigations was used to inform and calibrate the modelling and design decisions alongside 
predicted climatic changes to the coastal and river hydrology over the design life of the structures. Compared 
to the engineers of 100 years ago we have a greater understanding of the construction environment and more 
design tools, however this creates additional challenges. 
 
This paper discusses how the respective models were used to calibrate and evaluate the design parameters 
from both coastal and river processes. It also discusses some of the design philosophy and decisions made 
during detailed design particularly in relation to design wave height and the effects of waves against currents, 
the choice of KD value for stability design of the armour units, calibration of the calculated and modelled wave 
overtopping flows, requirements and feasibility for ground improvements, and the design philosophy behind 
the choice of toe apron design. 
 
Keywords: coastal structures, breakwater design, harbour entrance, concrete armour units, hanbars. 
 
1. Introduction 
The Ōpōtiki Harbour Development Project will 
improve maritime access for the Ōpōtiki region by 
stabilising the Waioeka River mouth using twin 
training wall breakwaters (“training walls”). These 
will be located to the east of the existing river outlet 
and extend out to approximately 350m from the 
existing shoreline, with dredging to provide a 
navigable channel from the nearshore towards the 
town.  
 
This work will allow improved passage for vessels 
and will stimulate regional economic development in 
industries such as aquaculture. The current physical 
environment at the Waioeka River mouth is shallow 
and highly dynamic, with mobile coastal spits and 
nearshore bars creating navigation hazards and 
unreliable access (Figure 1).  
 
The decision to route boat traffic and a significant 
river system through the same gateway created a 
number of design and operational challenges when 
coupled with an already dynamic wider coastal 
environment. 

 

 
Figure 1: Existing Waioeka River entrance and proposed 
including river training works (source: ODC|stuff.co.nz) 
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This paper summarises the main elements of the 
detailed design that resulted in changes to the initial 
concept design (Figure 2) and provided increased 
confidence in the performance and constructability 
of the structures. 
 

 
Figure 2: Key features of the harbour development 
relative to the existing shoreline and Waioeka Estuary 

2. Data collection and design environment 
For the concept design, data collection was limited, 
there was uncertainty around the location and 
extent of structures, and an understanding that 
given the dynamic environment the morphology of 
the coastline and estuary was likely to change prior 
to construction. The detailed design required the 
collection of a number of additional datasets, 
including high resolution topographic and 
bathymetric surveys that reflected key changes to 
the environment including; a migration of the river 
mouth several hundred metres to the west, changes 
to the river delta, and fluctuations in seabed 
elevations at the seaward ends of the training walls. 
Changes in river geometry were also supplemented 
with river cross sections. These data sets provided 
key inputs to updated numerical models, the 
baseline topography for the physical model, and 
ground levels for the training wall design. 
 
An updated wave hindcast model was produced 
and calibrated against wave buoy data collected at 
the 10m and 40m contours. These provided the 
inputs to the numerical and physical models used to 
resolve the nearshore wave environment and wave-
structure interactions. 
 
A number of assumptions had been made as part of 
the concept design relating to ground conditions, 
and both nearshore and estuarine sediment 
characteristics, based on limited investigations.  
Prior to detailed design process a comprehensive 
programme of sediment sampling and ground 

investigations was conducted. Collection of data in 
the surf zone was problematic and involved the 
collection of CPT and borehole data from a raised 
platform along the proposed training wall extents. 
This information was critical for the geotechnical 
assessment and design of the structures and 
provided valuable inputs to the morphological 
modelling of river scour and shoreline evolution. 
 
3. Investigations  
 
3.1 Numerical Modelling 
Two modelling approaches were utilised to assess 
wave processes at Ōpōtiki [1]. First, a third-
generation spectral wave model Simulating Waves 
in the Nearshore (SWAN) to understand wave 
transformation from the 20 m depth contour to the 
harbour mouth. The SWAN model was used to 
connect wave climate (hindcast) points available at 
the 20 m and 10 m depth contours, with nearshore 
wave heights around the shoreline and structures. 
SWAN results also provided a first order 
assessment of design scenario wave heights 
around the structure.  
 
To understand wave processes impacting the 
structures at a higher resolution, the fully nonlinear 
Boussinesq model, Fun wave-TVD, was also used. 
Fun wave-TVD is a free-surface model and 
therefore resolves water level and velocity motions 
of individual waves, including how these waves 
interact with each other, the bathymetry, the 
shoreline, and structures. This modelling approach 
also resolves surf-zone processes such as currents 
and wave setup, which provide an instant feedback 
to the propagation, refraction, diffraction, reflection, 
and breaking processes. Results from Fun wave-
TVD provided a more detailed understanding of 
wave heights and surf-zone water levels that are 
required for design. 
 
Modelling of the river system was undertaken 
separately in order to gauge the effects on peak 
flood levels, and scour depths in the vicinity of the 
training walls. The river model needed to be capable 
of simulating morphological bed mobilisation and 
sediment transport. A numerical model was 
developed in TUFLOW FV to undertake this 
assessment.  
 
Scour generated during river flood events is critical 
to the design, both in terms of conveyance of flood 
flows and peak water levels which have to be shown 
to not exceed the present day flood risk, and for 
assessing the requirements for structure toe 
protection and stability during these events. The 
model also provides key information on current 
speeds at different stages of the tidal cycle. 
Confidence in the modelled response was 
developed through sensitivity testing. 
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3.2 Physical Modelling 
The Water Research Laboratory (WRL) of the 
School of Civil and Environmental Engineering at 
UNSW Sydney was engaged for the physical 
modelling of the Ōpōtiki Harbour Development 
works. Modelling was split in to four stages: 

• Stage 1: 3D modelling of nearshore 
processes using natural bathymetry.  

• Stage 2: 2D modelling of key sections of the 
training wall trunks 

• Stage 3: Quasi-3D modelling of the 
breakwater head 

• Stage 4: Full 3D modelling of complete 
structures 

 
For Stage 1 a full 3D model bathymetry was 
fabricated in WRL’s wave basin, representing the 
existing bathymetry at the site in the vicinity of the 
future training walls. The bathymetry included the 
existing coastline as well as the entrance of the 
future dredged channel, and extended seaward to 
approximately the -6 m RL contour. During this 
stage, the model was used to calibrate and 
investigate a range of wave conditions, with 
measurements taken at several locations within the 
nearshore zone.  
 
For Stages 2 and 3, a series of 2D and Quasi 3D 
tests were undertaken to examine the training wall 
design at several key locations such as armour 
transitions and roundheads. These tests utilised the 
same model bathymetry within the wave basin, with 
temporary wave guide walls set up to form 2D test 
flumes on the bathymetry. During these tests, the 
focus was on understanding the characteristics of 
armour stability and overtopping under both 
perpendicular and oblique wave attack.  
 
For Stage 4, the full 3D training walls were 
constructed (Figure 3) on either side of the dredged 
entrance channel. The focus of the testing during 
Stage 4 was the confirmation of the training wall 

armouring design at key locations for extreme wave 
conditions, and investigation of wave penetration 
within the entrance channel for smaller operational 
wave conditions. 
 
A separate physical modelling exercise was also 
conducted by the University of Auckland [7] to 
assess the performance of the falling toe apron and 
different construction options.  
 
3.3 Geotechnical modelling 
One of the key requirements of the design of the 
breakwaters is that they are geotechnically stable 
during static conditions, storm scour conditions and 
seismic conditions. Due to the liquefaction risk at 
the site, the primary geotechnical risk is related to 
the seismic performance of the breakwater. 
 
For modelling purposes the geotechnical modelling 
assumed a worst case scenario whereby a river 
flood event had resulted in scour of the channel, the 
falling apron had dropped in to the channel, and the 
river channel had only partially infilled following the 
flood. This constituted a retained height of up to 
10m.  
 
Training wall stability was assessed using SlopeW 
and FLAC analysis (Figure 4) and showed that in 
order to achieve the maximum allowable 
displacement criteria, effective dynamic compaction 
was required to a depth of at least -10m RL.  
 

 
Figure 3 : Example of FLAC Analysis results and 
predicted displacements illustrating a drop in crest level 
and horizontal movement of the toe. 

 

 
Figure 4: Fully constructed 3D model of structures within the WRL wave basin. 
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3.4 Ground Improvement trials 
The concept design presented recommendations 
for Dynamic Compaction (DC) Ground 
Improvement and geotextile reinforcement. The 
depth of improvement has been shown to be critical 
for the structure stability for the seismic load cases 
and it is acknowledged that DC is only suitable for 
some soil types. Therefore, a DC Trial (Figure 5) 
was completed primarily to understand the 
suitability of DC for the site, and likely depths of 
improvement under the training walls. The concept 
design also incorporated a high strength basal 
geotextile and the DC Trial assisted in 
understanding the potential for damage to the 
geotextile when subject to DC. 
 
The proposed DC method was effective in 
densifying the upper soils within the trial area which 
are largely representative of the training wall works. 
The energy levels applied were determined based 
on published relationships to achieve the target 
depth.  
 

 
Figure 5: A DC trial was conducted on site to assess the 
likely depth of improvement and potential damage to 
geotextiles. 

Significant densification was observed in the sands 
in the top 5 to 7 m. Reduced levels of densification 
were shown to extend to a depth of around 10 to 11 
m which is equivalent to -7.5 to -8.5 m RL when DC 
is completed from 2.5 m RL on the training walls. 
The target improvement depth of -10 m RL was not 
achieved.  The basal geotextile reinforcement was 
also shown to be significantly damaged during the 
DC trial even with a gravel/sand “cushion” above the 
geotextile. Based on these observations from the 
DC Trial, it was concluded that the geotextile 
reinforcement would be removed from the design 
and alternative reinforcement of sheetpiling was 
selected to supplement the DC. 
 
4. Key design considerations 
Based on the investigations conducted as part of 
the detailed design process [6] a number of 
changes were made to the design. The key 
considerations are outlined below. 
 

4.1 Armour unit stability coefficient  
Calculations for hanbar unit sizing were derived 
based on the calculated design waves along the 
structure and a stability coefficient. The Hudson 
Damage Coefficient (KD) as recommended in 
design guidance [3] was used in order to allow for 
comparisons with previous studies, where a 
conservative .value for the 5% damage level is 
given as KD = 7 [2] 
 
2D Physical model tests (Figure 6) allowed for the 
determination of actual KD numbers, using a 
placement methodology and density specified for 
construction, a range of wave conditions and normal 
incident waves and those approaching at 45o. 
Although the actual incident wave angle is likely to 
be more acute, 45o chosen as a practical and 
conservative angle for modelling waves impacting 
the breakwater trunk sections. 
 

 

 
Figure 6: 2D Physical model tests were used to define site 
specific stability coefficients for waves approaching head 
on (top)and at 45o (bottom). 

Test results recorded the number of displaced units, 
but also the number of severely rocking units. The 
latter were recorded to provide increased 
confidence in the stability of the structure but have 
not been used to review the damage coefficient 
versus percentage relationship as this is not 
typically considered in the Hudson formula.  
 
Figure 7 shows that for normal incident waves the 
observed damage (displaced units) scatter points 
are typically above the black linear line. This shows 
that for 5% damage (i.e. initial damage based on 
Hudson) the KD value is 7 as shown by the red 
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dotted line. This is consistent with the KD value for 
Hanbar units recommended by previous studies [2].  

 
Figure 7: Relationship between percentage damage and 
stability coefficient for displaced units (orange) and 
displaced units + severely rocking units (blue) for normal 
incident waves. Red dotted line indicates appropriate KD 
value for 5% damage based on best fit (black line). 

The relationship between percentage damage 
observed and damage coefficient KD for waves 
approaching at 45 degrees demonstrated that the 
hanbars were relatively more stable for the 45 
degree approach angle. The same approach was 
used to assess the relationship, with a 5% damage 
threshold equating to a KD value of approximately 9. 
Due to the limited number of tests completed for the 
45 degree approach angle, and to allow for some 
future proofing of the  breakwaters should greater 
navigation depth in the channel between the 
breakwaters be required, the position of transitions 
between Hanbar sizes was based on the more 
conservative KD value of 7. Hanbar layouts were 
tested in the full 3D physical model to validate the 
performance of a design layout.  
 
4.2 Wave current interaction 
The numerical and physical wave modelling set out 
in the previous sections does not allow for ambient 
currents or non-wave driven currents entering the 
model domain. However, as the Waioeka River 
enters the sea through the breakwater channel, 
waves propagating towards the breakwaters may 
interact with the river flow that is present within the 
channel. This wave-current interaction may locally 
modify wave processes, influencing wave shoaling, 
breaking and dissipation. The influence of currents 
will depend on the interaction of fluvial flow velocity 
and offshore wave processes. To investigate the 
influence of current on potentially increasing wave 
height in the breakwater channel, a combination of 
empirical calculations and numerical modelling 
methods were adopted. 
 
Outputs from the river modelling work were used to 
inform river flow conditions that may influence wave 
height in the breakwater channel. This shows that 
the largest current velocities occur at the deeper 

parts of the river landward of the breakwaters, 
through the breakwater channel and extending 
some distance offshore. Water level and velocity 
timeseries during a flood event show that the peak 
velocity at the centre of the channel (~3 m/s) occurs 
at low tide (see Figure 8) and that the velocity during 
the peak water level is roughly 1 m/s less (i.e. ~2 
m/s). 
 
The effect of opposing currents on wave height was 
assessed using the numerical wave model SWAN. 
This has been done by running SWAN excluding 
and including currents, and to assess the 
percentage increase in wave height. Currents were 
included in SWAN by exporting the X and Y velocity 
from the TUFLOW FV model domain, interpolated 
to the extent of the SWAN model domain. Using this 
approach, the appropriate velocity for a given water 
level and known time on the hydrograph was 
achieved.  
 
Results show the typical increase in wave height in 
the vicinity of the breakwater structures is in the 
order of 10% and may go up to 15-20% at the centre 
of the channel (Figure 8). As a single current field 
from TUFLOW FV was used, differences in current 
velocity and direction may change the extents of the 
zone where wave heights increase and could 
potentially extend further up the breakwater 
channel. For this reason, design waves were 
increased by 10%, for design calculations, all the 
way up the channels to the elbow of the 
breakwaters. 
 

 
Figure 8: Example of current velocity from the TUFLOW 
FV model during peak velocity (left figure) and wave-
current interaction in terms of percentage difference for 
Hs = 2m, WL = MSL during a 5% AEP river flood event 
during peak velocity (right figure) 

 
4.3 Wave Overtopping 
In order to assess the wave overtopping risk, 
calculations were completed using the EurOtop 
design guide [5]. As published roughness factors for 
Hanbars were not available, we assumed a layer 
roughness similar to Tetrapod armour units, on the 
basis that these are similar in shape and placement 
interlock and have a similar design stability factor. 
As the crest Hanbars are to be placed in a single 
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layer of pattern placed units the effective 
impermeable crest height was also unknown, as 
depending on the wave angle the gaps between the 
Hanbar chimneys may allow increased wave 
penetration and overtopping.  
 
Several overtopping tests were completed in the 
physical modelling study. Tests were done with 
waves perpendicular to the training walls, and at an 
angle of 45 degrees to the walls. Various Hanbar 
sizes were tested, using a range of wave climates. 
The results showed that as expected overtopping 
rates increased as wave climates increased (and 
crest freeboards reduced), decreased as the 
Hanbar size and layer thickness increased 
absorbing more wave energy, and decreased with 
the more acute wave direction (Figure 9). As an 
example, the 6.5T Hanbars tested with wave 
climate WC4 (which is the present day 1% AEP 
storm surge and a 500 year return period wave 
climate), had an overtopping flow rate of 23 L/s/m 
when tested with waves perpendicular to the 
breakwater and this reduced to zero when tested at 
an angle of 45 degrees. 
 
Results from the physical modelling study were then 
used to calibrate the Eurotop formulae using the 
assumed tetrapod roughness factor and setting the 
permeable crest elevation at the elevation of the top 
of the Hanbar chimneys, and good correlation was 
achieved with the physical model test results. 
Allowing for the actual angle of incident wave attack 
the calculated wave overtopping flows for the 
training wall trunks are as follows: 

• For present day 1%AEP storm surge and 
500 years return period wave climate (wave 
climate WC4), the largest overtopping flow 
rate was 0.08 L/s/m 

• When sea level rise of 1 m is allowed for 
(wave climate WC5), the highest 
overtopping flows occur along the trunk of 
the eastern breakwater and are between 10 
and 20 L/s/m. 

 

 
Figure 9: Results of Physical modelling overtopping tests 
using different hanbar sizes with a 1% AEP still water 
level and 0.2% AEP wave height (WC4 - Present Day, 
WC5 - 1m SLR, WC6 - 1.5m SLR) 

 
Hanbar unit placement density, methodology and 
crest detail all have effect on OT rates that is not 
encapsulated by a simple permeability/roughness 
coefficient. Calibrating the results with the physical 
modelling allowed for increased confidence in 
predictions of wave overtopping and the potential 
requirements for future maintenance of the crest 
surface. 
 
4.4 Geotechnical stability 
The DC trial determined that, while the ground 
improvement in the upper soils reduced potential for 
liquefaction in these materials, the ground 
improvement under the toe of the Hanbar slope was 
not sufficient to prevent a slope stability failure 
during a seismic liquefaction event. The use of high 
strength geotextile at the base of the fill was also 
rejected due to risk of damage.  
 
Sheet piling was selected as the preferred option to 
supplement DC, with Steel sheet piles at the toe of 
the concrete armour slope extending down to 
provide 3 m embedment into the non-liquefiable 
layer. The sheet piles will provide shear resistance 
to slope instability during seismic conditions. In 
addition, the sheet piles may also be used to provide 
some wave protection during construction prior to 
driving to design depth.  
 
4.5 Toe Armour 
Design of the toe armour and apron had to fulfill 
three criteria, stability under wave attack, a 
functional falling apron under river scour and 
providing geotechnical stability for the structure 
during a seismic event.  
 
Physical modelling of the performance of the falling 
apron was conducted by the University of Auckland 
[7]. Two basic apron designs were tested, one with 
an underlayer beneath three layers of armour rock, 
and one consisting of only armour rock. The tests 
showed that as the riverbed in front of the apron 
scoured, rock was launched from the outer end of 
the apron to armour and protect the scoured slope. 
The resulting protection layer was only one stone 
thick for both apron designs tested. So if an 
underlayer was included in the falling apron design 
the slope scoured by river flood flows would only be 
protected by a single rock thickness the size of the 
underlayer rock.  This would have resulted in the 
scoured slope then being venerable to wave 
scouring of any exposed sections of the slope only 
protected by underlayer rock.  
 
Based on the performance of the apron 
configurations tested (Figure 10) a hybrid of two 
configurations was specified. The inner 6 to 8 m of 
the apron requires an underlayer and will act more 
like a coastal scour apron. This will help to keep the 
apron in place and at a good elevation and protect 
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against wave down rush sucking sand out through 
armour rock for the toe area closest to the 
breakwaters. It is important from a geotechnical 
perspective that the inner part of the apron is kept 
in place as a buttress to the sheet piles and the toe 
of the concrete armoured slope. The outer 4 to 6 m 
is to be constructed using only armour stone, so that 
in a river scour situation the scoured slope has more 
even and continuous protection, as is desirable from 
a river scour perspective.  
 

 
Figure 10: Example of Physical model test showing the 
performance of a falling rock apron using three layers of 
armour rock and an underlayer [7]. 

Aprons are designed to be constructed three layers 
thick, with the expectation these will initially fall to 
an approximately 1.5H:1V slope in response to river 
scour, and ultimately form a 2H:1(V) slope under 
extreme scour events whilst maintaining an even 
and continuous protection of at least one layer thick.  
 
Falling apron widths were sized based on the 
maximum predicted river scour within the channel 
defined by the numerical modelling and empirical 
calculations of predicted scour and fluctuations in 
bed levels on the seaward side and heads of the 
training walls. 
 
The rock toe/apron armour was sized using a range 
of empirical formula [3,4] with the adopted 
methodology varying depending on water depth. At 
higher water levels larger waves can reach the 
structure, but the toe is submerged and wave forces 
are reduced. Lower water levels allow for wave 
action to act more directly on the toe, however due 
to depth limiting waves are smaller. A range of water 
levels, wave heights and methods were assessed, 
and the critical water level and associated 
methodology used in sizing the rock. 
 
Rock sizing was validated with physical model 
testing at a range of water levels, this included 
addressing concerns that empirical calculations 
may underestimate toe armour sizing at the heads 

(ends) of the training walls, which performed well 
under testing with damage well below tolerable 
levels. This is considered the result of taking a 
conservative approach and adopting the largest 
specified rock size from a range of formula and 
conditions. 
 
5. Summary 
Detailed design of the Ōpōtiki Harbour training walls 
relied on the collection of significant amounts of 
additional data, numerous numerical and physical 
models, and construction trials on site. The process 
was often iterative with results from different work 
streams feeding back in to associated design 
elements and resulting in significant revisions to the 
design and a greater confidence in the 
constructability and ultimate performance of the 
structures. 
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Abstract 
This paper discusses two-dimensional physical modelling of the distribution of vertical wave forces on the 
underside of a cantilevered walkway slab on top of a proposed vertical seawall in Darwin. The proposed 
seawall is to be built along the foreshore to protect infrastructure associated with a new luxury hotel from 
erosion and wave overtopping. The walkway will provide the public with access to and along the foreshore 
seaward of the hotel.  
 
Since the design water levels are close to the walkway level, it was anticipated that the maximum wave loads 
would occur at a lower part of the tidal cycle when there is a greater potential for generation of “impulsive” type 
wave impact loads. The key objective of the model investigation was to estimate the maximum wave-generated 
uplift loads on the walkway for two different cyclonic wave conditions (to assist structural design), and to 
understand the influence of water level on the resulting wave loads. 
 
The pressures and total force exerted upwards on the walkway (underside elevation 5.0 m AHD) were 
measured at multiple water levels between 2.0 m AHD and 5.6 m AHD for both wave height-wave period 
combinations.  The largest uplift forces and pressures were observed at water levels between 2.4 m AHD and 
3.0 m AHD. The largest maximum peak force measured was 4,293 kN on a movable plate with area 6.44 m2 
(approximately 670 kPa).  This paper also compares the peak wave loads measured in the physical model 
with those estimated using an empirical design technique. 
 
Keywords: physical modelling, wave loading, vertical seawalls, wave return wall, cantilevered walkway. 
 
1. Introduction 
The Water Research Laboratory (WRL) of the 
School of Civil and Environmental Engineering at 
UNSW Sydney completed two-dimensional (2D) 
physical modelling of a proposed vertical seawall in 
Darwin (Figure 1) to assist Wallbridge Gilbert Aztec 
(WGA) with their structural design of a cantilevered 
walkway slab to be secured to the top of the seawall. 
The seawall will be built along the foreshore to 
protect infrastructure associated with a new luxury 
hotel from erosion and wave overtopping.  The 
walkway will provide the public with access to the 
foreshore seaward of the hotel.  The objective of the 
physical modelling investigation was to identify the 

peak pressures and forces on the underside of the 
cantilevered walkway for two different cyclonic wave 
conditions and the water levels at which they occur.   
 
Since the design water levels are close to the 
walkway level, it was anticipated that the maximum 
wave loads would occur at a lower part of the tidal 
cycle when there is a greater potential for 
generation of “impulsive” type wave impact loads.  
The distribution of pressures and total wave forces 
exerted upwards on the underside of the walkway 
were measured for two different design wave 
conditions with a range of water levels which may 
occur within a tidal cycle during a cyclonic event. 

 
Figure 1   Location of proposed vertical seawall in Darwin 
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Figure 2   Model side views [structure not present during wave calibration] (top: whole flume [model scale], 
bottom: bathymetry detail [prototype scale]) 

 
2. Model design 
2.1 Test facility 
Two-dimensional modelling was completed using 
WRL’s 1.2 m wave flume, which is 44 m long, 1.2 m 
wide and 1.6 m deep (Figure 2 top).   
 
The wave flume was filled with fresh water rather 
than salt water to avoid corrosion of the hardware 
and to ensure responsible disposal of drained 
water.  This is standard practice for almost all 
coastal hydraulic laboratories in the world [3].   
 
2.2 Scaling 
2.2.1 Overview 
Model scaling was based on geometric similarity 
between model and prototype, using an undistorted 
Froude scale of 15.  Selection of the length ratio was 
primarily based on the upper limit wave height able 
to be generated in the 1.2 m wave flume.  Forces 
and pressures had an additional scaling factor (Nγ) 
to adjust for the different fluid densities between the 
model (fresh water; 998 kg/m3) and prototype (salt 
water; 1024 kg/m3).  The scale ratios (prototype 
divided by model) derived for the study are 
summarised in Table 1.  All quantities are reported 
in prototype scale, unless otherwise noted.   
 
2.2.2 Comments on alternative scaling laws for 

force and pressure 
Wave loads on vertical seawalls and their 
associated infrastructure (e.g. decks) can be 
divided between: 
 
• Slowly acting loads, having durations of 

approximately 0.2 to 0.5 times a wave period, 
which are referred to as “pulsating” or 
“quasi-static” loads and are generally 
associated with non-breaking waves; and 

• Short duration (approximately 0.01 times the 
wave period or less), high intensity loads, which 
are referred to as “impulsive” or “impact” loads 
and are generally associated with waves 
breaking directly on the structure which may 
entrap and compress an air pocket. 

 

Table 1   Froude scaling factors 

Quantity Froude relation Scaling factor 

Length (m) λ 15 
Time (s) λ1/2 3.87 
Force (kN)   λ3𝑁𝑁𝛾𝛾 3,463 
Pressure (kPa) λ 𝑁𝑁𝛾𝛾 15.39 

 
It is well accepted that “pulsating” or “quasi-static” 
loads can be scaled by the simple Froude 
relationships for force and pressure described in 
Table 1 with negligible scale effects [1].  However, 
use of Froude scaling for “impulsive” loads may lead 
to over-estimation of force and pressure at 
prototype (real-world) scale (refer to Section 2.2.2 
in [2] for a more detailed discussion on this matter). 
 
During the design storm events modelled for the 
Darwin seawall, individual waves generated both 
“pulsating” and “impulsive” vertical loads on the 
underside of the cantilevered walkway.  In the 
absence of a reliable, alternative scaling 
relationship (with less conservatism) for short 
duration “impact” vertical loads on the underside of 
a horizontal overhang protruding from a vertical 
wall, WRL universally adopted Froude scaling for 
wave-generated force and pressure in the physical 
model. 
 
2.3 Model construction 
2.3.1 Vertical seawall 
Most components of the vertical seawall were 
constructed from water-resistant plywood.  The 
wave return wall on the landward side of the 
walkway was constructed from painted timber and 
the capping beam was constructed from painted 
PVC plastic sheet.  All dimensions were consistent 
with provided design drawings except that the 
proposed piles in the prototype were constructed as 
a simplified smooth vertical wall in the physical 
model and the balustrade at the seaward edge of 
the walkway (underside elevation 5.0 m AHD) was 
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omitted.  The future earthworks level landward of 
the wave return wall was 6.5 m AHD and the 
scoured bed level adjacent to the seawall was 
assumed to be -3.5 m AHD. 
 
2.3.2 Bathymetry 
The seabed geometry adopted in WRL’s 1.2 m 
wave flume was identical to that adopted in a 
previous physical modelling investigation of wave 
overtopping for the same structure at an earlier 
design phase [8], except that the scour level at the 
seawall was raised based on logging data from 
boreholes drilled at the site.  The false floor was 
constructed from water-resistant plywood with the 
following characteristics (Figure 2 bottom): 
 
• Intersected structure at -3.5 m AHD (flat for 

47 m seaward from the toe of the seawall); 
• 1V:6.2H slope from -3.5 to -7.26 m AHD; and 
• Seaward of -7.26 m AHD the false floor sloped 

at 1V:20H until it intersected the permanent 
flume floor at -9.75 m AHD. 

 
2.4 Instrumentation 
A combination of capacitance wave probes, load 
cells, and pressure sensors were used during 
testing (Table 2, Figures 3 and 4).  These 
instruments are typically selected to have a capacity 
slightly larger than the expected range of each 
physical quantity to maximise the accuracy of the 
measurements obtained.  However, in this case 
preliminary estimates of maximum wave height, 
uplift force and pressure were not available at the 
time of model design, and as such WRL relied on 
previous experience from modelling of similar 
coastal structures to select the most appropriate 
instrumentation.  High-speed oblique videos were 
recorded for each test. 
 
Table 2   Instruments used in testing 

Instrument Sample 
rate (Hz) Measurement Range 

Wave 
probe 13 0 to 6.75 m wave height 

Load cell 
(forces) 258 -1.73 to 1.73 MN (individual) 

-6.93 to 6.93 MN (total) 

Pressure 
sensor 258 -150 to 700 kPa 

 
A static calibration was performed on each 
instrument to ensure it was operating correctly 
across its full measurement range.  A series of 
dynamic verification tests were also completed for 
the load cells.  On the basis of these additional tests, 
a 10% uncertainty factor was applied to all force 
measurements to allow for accuracy limitations in 
the model setup (i.e. all reported forces were 
multiplied by 1.1). 
 

 
Figure 3   Model instrumentation and dimensions 

 

 
Figure 4   Top view of model sensor arrangement 

 
2.5 Wave climates 
Two different cyclonic design conditions [DC] 
(Table 3) were provided for the testing.  Two 
corresponding irregular drive signals were 
generated using a JONSWAP spectrum, each with 
1,000 waves to be statistically relevant.  Two more 
lower water levels (2.75 m AHD and 4.0 m AHD) 
were included in addition to those in Table 3, to 
allow more space for waves to impact with the 
underside of the structure and potentially develop 
high uplift forces.  The two (2) different drive signals 
and four (4) water levels yielded eight (8) different 
calibrated wave climates.   
Table 3   Design conditions at the structure (-3.5 m AHD) 

Description SWL (m AHD) HS (m) TP (s) 

Design condition 1 5.0 2.6 8.1 

Design condition 2 5.6 2.0 8.7 
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The wave climates were calibrated with the 
bathymetry installed in the flume, but with the 
structure removed, to minimise wave reflections.  
Waves were measured using two (2) different 
three-probe arrays: one in deep water offshore; and 
one at the structure (Figure 2 top) where the design 
conditions were defined.  Incident and reflected 
irregular wave trains were separated using the 
Mansard and Funke method [6] during 
post-processing analysis.   
 
2.6 Test program 
A total of 19 tests were completed (Table 4) to 
identify the water level (to within 0.1 m) at which the 
peak  pressure  and  force  occurred  for  both  wave  

conditions.  The four (4) calibrated drive signals for 
each design wave condition were used to determine 
the required drive signal gains by interpolation for 
other test water levels which were not calibrated 
prior to uplift testing. 
 
Table 4   Test program 

DC# SWL (m AHD)* 

1 2.0, 2.25, 2.4, 2.5, 2.6, 2.75, 3.0 3.5, 5.6 

2 2.0, 2.5, 2.65, 2.75, 2.82, 2.9, 3.0, 3.1, 3.5, 5.6 

# Note – DC: Design condition 
* Note – Bold SWL’s were calibrated prior to uplift testing. 

Table 5   Qualitative descriptions of waves at different water levels 

Water level Wave breaking Overtopping of crown wall Degree of uplift slamming on 
cantilevered walkway 

Low (< 2.25 m AHD) Offshore None Moderate 

Intermediate Onto structure Extensive spray, and some 
green water on larger waves Violent 

High (> 5 m AHD) Over structure Green water for most waves Minimal 

 

 
Figure 5   Behaviour of waves impacting on the structure at different water levels 
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3. Results 
3.1 Video records 
During testing, it became apparent that the 
maximum uplift forces were observed when the 
water level was between 2.4 m AHD and 
3.0 m AHD.  The oblique video footage was then 
used to describe the behaviour of waves at different 
water levels (Table 5, Figure 5). 
 
3.2 Forces 
Forces were measured at each corner of the 
load-sensing section of the cantilevered walkway 
(Figures 3 and 4), which represented a 4.5 m long 
section of the walkway.  The values from the four (4) 
load cells were summed to obtain the total force, 
and the peak total uplift force for each wave was 
identified (Figure 6).  Total force peaks less than 
100 kN over the 4.5 m long walkway section were 
not included in the analysis.   
 

 
Figure 6   Identification of peak total uplift forces for 
Design condition 1 with 2.25 m AHD SWL 

 
Two parameters were used to compare the peak 
uplift forces between tests Fmax (the highest total 
force peak) and F1/250 (the average of the four 
highest total force peaks recorded during each test 
of 1,000 waves). 
 
3.3 Pressures 
Pressures were measured at three locations on the 
underside of the fixed portion of the cantilevered 
walkway (Figures 3 and 4).  Peak uplift pressures 
for each wave were identified for each sensor 
(Figure 7).  Peak pressures less than 10 kPa were 
not included in the analysis.  Measurements were 
provided as dynamic pressures where the 
hydrostatic (still water) and barometric (ambient 
atmospheric) pressure were subtracted from the 
absolute (observed) pressure.   
 
Unfortunately, some of the larger waves caused 
uplift pressures beyond the measurement range of 
the selected pressure sensors (approximately 
700 kPa).  These large pressures only occurred for 

a short time (approximately 20 ms), but the peak 
values were clipped from the signal (Figure 8).  
When this clipping was first observed, WGA’s 
structural engineers advised that their design would 
primarily be based on the load cell results rather 
than the pressure measurements.  As such, testing 
was completed without acquiring alternative 
pressure transducers with a higher measurement 
range. 
 

 
Figure 7   Identification of peak uplift pressures for 
Design condition 1 with 2.25 m AHD SWL 

 
Since pressure clipping was observed in most tests, 
Pmax was not a useful measure to compare different 
test results.  The 97th percentile pressure (P97) was 
used instead because clipping was not observed at 
or below this percentile for all tests. 
 
3.4 Peak uplift forces and pressures 
The maximum peak uplift forces and pressures 
were observed at water levels between 2.4 m AHD 
and 3.0 m AHD (Figures 9 and 10).  For tests 
between these water levels, the typical total 
duration (rise and fall) of the force and pressure 
impacts was approximately 0.2 to 0.3 s.   
 
Design condition 1 (HS = 2.6 m, TP = 8.1 s) recorded 
the peak uplift forces at water levels of 2.4 to 
2.5 m AHD and Design condition 2 (HS = 2.0 m, 
TP = 8.7 s) had maximum uplift at the 3.0 m AHD 
water level.  This difference in water level is likely to 
have occurred because Design condition 2 had a 
lower wave height and so a higher water level was 
required to achieve similar uplift dynamics.  
Regardless of this, the maximum recorded uplift 
force on the underside of the cantilevered walkway 
was nearly identical for Design condition 1 
(4,280 kN) and Design condition 2 (4,293 kN).  
Averaged over the 6.44 m2 area of the load sensing 
section, these maximum forces correspond to 
inferred uplift pressures of approximately 670 kPa.  
This corresponds well with the clipped peaks of the 
individual pressure transducers (700 kPa) which 
had a much smaller surface area of 0.07 m2.
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Figure 8   Example clipping of peak pressures for Design condition 1 with 2.5 m AHD SWL 

 
 

 
Figure 9   Peak force values (Fmax and F1/250) for different water levels (left: Design condition 1, right: Design condition 2) 

 
 

 
Figure 10 Peak pressure values (P97) for different water levels (left: Design condition 1, right: Design condition 2) 
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4. Comparison with an empirical design 

technique 
Following the conclusion of the physical modelling 
program, WRL compared the maximum recorded 
uplift force on the underside of the cantilevered 
walkway with an empirical design approach 
published in a series of papers based on physical 
modelling tests of vertical seawalls with horizontal 
overhangs [4, 5 and 7]. 
 
Maximum uplift forces on the cantilevered walkway 
proposed for Darwin were estimated for both design 
conditions via the following steps: 
 
• Calculation of horizontal impact forces on a 

vertical seawall without the overhang and 
without reduction in loading due to overtopping 
using Equation 3 from [4] (it is acknowledged 
that the input HS values (2.0 and 2.6 m) are 
outside the stated range of validity up 1.2 m); 

• Then, increasing these horizontal impact forces 
by a factor of 1.8 due to the presence of the 
overhang [5]; and 

• Finally, increasing these last horizontal impact 
forces with overhang by 1.03 (based on a 
“medium recurve” described in [7]) to calculate 
the vertical uplift force on the overhang. 
 

Using this approach, the empirical estimates for 
maximum uplift forces on the Darwin cantilevered 
walkway were approximately 6,200 kN (Design 
condition 1) and 3,700 kN (Design condition 2).  
These results are in the same order of magnitude 
as that measured in the physical model 
(approximately 4,300 kN for both design 
conditions).  However, the empirical technique 
overestimated the maximum uplift forces for Design 
condition 1 by 45% and underestimated those for 
Design condition 2 by 15%.   
 
These findings may be considered when choosing 
whether to establish uplift forces for structural 
design of similar coastal structures by empirical 
techniques or physical modelling. 
 
5. Conclusion 
WRL completed 2D physical modelling of a 
proposed vertical seawall with a cantilevered 
walkway in Darwin, and measured uplift forces and 
pressures on the underside of the walkway deck to 
assist structural design.  The key objective of the 
model investigation was to estimate the maximum 
wave-generated uplift loads on the walkway 
(underside elevation 5.0 m AHD) for two different 
design wave conditions, and to understand the 
influence of water level on the resulting wave loads. 
 
Two different design wave conditions were tested 
(HS = 2.6 m, TP = 8.1 s and HS = 2.0 m, TP = 8.7 s) 
at multiple water levels between 2.0 m AHD and 
5.6 m AHD.  The largest uplift forces and pressures 

were observed at water levels between 2.4 m AHD 
and 3.0 m AHD.  The largest maximum peak force 
(Fmax) measured was 4,293 kN, on a movable plate 
with area 6.44 m2 (approximately 670 kPa).  The 
maximum peak pressures could not be accurately 
measured, because they exceeded the 
measurement range of the pressure sensors 
(approximately 700 kPa).   
 
Note that while all tests were conducted with a scour 
level of -3.5 m AHD, it is conceivable that similar 
peak forces and pressures on the underside of the 
cantilevered walkway may occur for higher sand 
levels at the vertical seawall. 
 
An empirical technique has been demonstrated to 
provide “order of magnitude” estimates of maximum 
uplift forces on a cantilevered walkway above a 
vertical seawall.  If it is advantageous to reduce the 
uncertainty associated with empirical estimates of 
wave uplift for similar coastal structures, 2D 
physical modelling is recommended. 
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Abstract 
The Northern Bellarine Peninsula beaches are narrow and subject to coastal hazards. The socio-economic 
benefits of beaches as well as the need to mitigate future coastal erosion and flood risks associated with 
climate change led to the preparation of an offshore beach nourishment campaign. 
 
For over 40 years coastal management led to the construction of many coastal structures along the coast 
including seawalls, revetment works and groynes to manage erosion and inundation hot spots along the 
Bellarine. Sporadic beach nourishment works have used sand from land sources or from the maintenance 
dredging of Portarlington Harbour and St Leonard Harbour. 
 
A mass nourishment approach, using 50,000m3 of sand was designed using offshore sand sources to replenish 
the beaches, mitigate coastal hazards, and to provide long-term beach amenities in a changing climate. 
 
Keywords: mass beach nourishment, sediment transport, climate adaptation, beneficial use of marine 
sediment, Integrated coastal zone management 
 
1. Introduction 
The Department of Environment Land Water and 
Planning (DELWP) commissioned Water 
Technology to design beach nourishment works 
along the Bellarine Peninsula to mitigate local 
coastal hazards. 
 
2. Location 
The North Bellarine Beaches spans from Grassy 
Point to Indented Head and stretches southerly past 
St Leonards, southwest of Melbourne on the 
western shoreline of Port Phillip Bay, Victoria, 
Australia. This delineates a 7km coast which faces 
northeast and east. The Wadawurrung People are 
the traditional owners and custodians of the 
northern Bellarine coast. 
 
3. Background 
Six beaches are of particular interest along the 
Bellarine Peninsula, Victoria, as follows (from north 
to south): 
• Anderson Reserve; 
• Taylor Reserve - Half Moon Bay; 
• Wrathall Reserve – South of Indented Head; 
• North Saint Leonard – south of Salt Lake; 
• South Saint Leonard Harbour; and 
• Red Bluff Beach - South Saint Leonard 
 
These beaches have a relatively narrow dry beach 
width and a high socio-economic value. For over 40 
years, a lack of sand volume available along the 
coast has led to the construction of many coastal 
structures including seawalls, revetment works and 
groynes over the past decades. 
 
Additional, sporadic beach nourishment works have 
been used to manage erosion and inundation hot 

spots along the coast. This predominantly used 
sand from land sources or from the maintenance 
dredging of Portarlington Harbour and St Leonard 
Harbour. 
 
Lawson and Treloar’s “Geelong Coastal Processes 
Study” of 2004 [1] provided an analysis of coastal 
processes based on site observations, aerial 
pictures and desktop numerical modelling. The 
study was found to be very useful but required some 
update as it was completed over 15 years ago. The 
Cardno “Bellarine Coastal Processes Study” [2] of 
2011 was prepared for the Bellarine Bayside 
Committee of Management (BCCoM) and 
complemented the Lawson and Treloar analysis. 
The study contained asset description and included 
further analysis of coastal processes based on 
observations and modelling. Unfortunately, key 
modelling results (wave heights, sand volumes) 
were not presented in the report. The Cardno 
“Beach Prioritisation Study and community 
consultation” [3] of 2019 prioritised beaches for 
nourishment around Port Philip Bay based on beach 
volumetric analysis and socio-economic 
considerations. Stakeholder engagement was used 
to determine the location of nourishment works, 
however additional work is required to establish the 
technical feasibility and design of the proposed 
nourishment. In particular there was no specific 
volume allocation for nourishment, sand sources 
were not identified, and the work did neither focus 
on long-term strategy nor design intent. 
 
4. Coastal processes 
The transport of coastal sediments and the 
morphology of beaches and coastlines are driven by 
a range of environmental forces and pre-existing 
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conditions. A brief summary of coastal 
geomorphology within Port Phillip Bay and the 
eastern coast of the Bellarine Peninsula facilitates 
an understanding of the North Bellarine. 
 
4.1 Beach topology and shoreline position 
The topography of the local beaches along the 
Bellarine generally shows a steep upper beach 
typically sloping up to approximately 1V:3H. Below 
mean sea level, the beaches tend to be much flatter, 
sloping from approximately 1V:30H to 1V:100H. 
Intermittent sand bars are present at all beaches. 
The offshore sandbars are wide and pronounced 
between Intended Heads and Saint Leonard. 
 
Aerial photographs exist for 1940, 1960, 1980, 1990 
2017 and 2019 from the DELWP database were 
geo-refenced for this study and animated to 
visualise the beach evolution as well as sediment 
transport pathways. This evidenced longshore 
transport going south at a net rate of a few thousand 
cubic metres per year. On-going coastal 
management works such as seawalls, groynes, 
reefs and breakwaters have stabilised the position 
of vegetation along the coast. However, without 
interventions, it is probable that shoreline retreat 
would have been more pronounced. 
 
Coastal recession was evident in areas where 
coastal management works did not occur. For 
instance, it was found that the beach has been 
retreating steadily by approximately 20m since 1940 
in the middle of the compartment, south of Indented 
Head, creating a narrow point along the 
Portarlington St Leonard Road. 
 
4.2 Coastal wind 
Port Philip Bay is largely an enclosed body of water 
and coastal winds are a key driver of waves which 
in turn drives the local sediment transport on the 
inter-tidal beaches. 
 
Figure 1 shows the wind seasonal variation 
between winter and summer months. The winter 
tends to have stronger and longer periods of high 
wind speeds than summer. During winter, the 
direction is predominately from the western and 
northern quarters, while summer experiences a 
greater occurrence from the southern and east 
quarters. 
 

 
Figure 1   Summer (left) and winter (right) wind roses 

4.3 Water levels 
Tidal water levels within the area north of the Great 
Sands within Port Phillip Bay are relatively 
consistent, with little change in tidal signal observed 
across the Bay. Long term measured water levels at 
Williamstown are used to generate tidal planes 
within the Bay, and are presented in Table 1. 
 
Table 1   Tidal plane 

Tidal Plane Level (m AHD) 
LAT -0.48 

MLLW -0.38 
MHLW -0.08 
MLHW 0.12 
MHHW 0.42 

HAT 0.52 
 
Table 2 presents storm tide levels for various 
Average Recurrence Intervals (ARI) at 
Williamstown which have been assumed to be 
relevant to the site. These were calculated by Water 
Technology for the Port Phillip Bay Inundation 
Modelling study undertaken for Melbourne Water 
(Water Technology, 2017). 
 
Table 2   Storm tide levels 

ARI 
(years) 

Storm Tide Present 
Day (m, AHD) 

Storm Tide 2100 
(m, AHD) 

1 0.60 1.40 
2 0.88 1.68 
5 1.02 1.82 
10 1.09 1.89 
20 1.16 1.96 
50 1.23 2.03 

100 1.27 2.07 
 
Storm tide levels are influenced by the wind, where 
the south westerly winds can increase the high tide 
and the northerly winds lower the low tide. Seiches 
are also common within the bay, which can reach 
up to 0.46 m. Table 3 provides a summary of 
relevant sea level rise scenarios for planning 
purposes in Victorian. 
 
Table 3   Sea level rise 

 2040 High 2070 High 2100 High 
Rise (m) 0.20 0.47 0.82 

 
4.4 Currents 
The tidal range within Port Phillip Bay is low, with 
mean spring tidal range of 0.8m. As a result, tidal 
currents are low (less than 0.1m/s). Currents are 
thus dominated by the seasonal wind climate 
discussed above. Northerly winds dominant in 
winter which results in a generally southerly current 
direction. Similarly, southerly winds which dominate 
in summer result in a current field to the north. Wind 
driven currents generally peak at less than 0.15m/s. 
 
4.5 Waves 
The wave climate within Port Philip Bay is fetch 
limited. This means that only wind generated waves 
impact the coastal processes, not ocean waves 
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coming from the Bass Strait. Only the beaches near 
the Bay entrance are impacted by swell waves. The 
2009 Cardno study [ref?] carried out wave 
modelling along the Bellarine but did not report any 
specific findings. The 2004 Lawson and Treloar 
study [ref?] also provided limited wave information 
about the site. The 2018 AWM study [4] provided 
design wave parameters based on a STWAVE 
model at Saint Leonard, as follows: 
 
Table 4 Design wave 

Annual Exceedance Probability 
AEP 

Hs (m) Tp (s) 

2% 2.1 5.4 
1% 2.2 5.5 

0.5% 2.4 5.6 
 
5. Sediment transport 
5.1 Sediment supply 
Sand moving along the North Bellarine coast 
originates from the east of Portarlington. There is a 
large shoaling area offshore of Grassy Point which 
joins into the Prince George Bank, a large offshore 
sand deposit. These deposits are related to ancient 
geological deposits. 
 
5.2 Beach sediment analysis 
Sediment sizes across the study area varied from 
fine grained sand to coarse grained sand, with the 
majority being medium grained sand between 
0.25mm and 1mm. The median diameter of sand 
collected along the North Bellarine Beaches is 
around 0.6mm, with typically up to 10% of fine 
gravel and shell and a small fraction of fines. 
 
6. Sediment transport modelling 
While the shoreline position appears relatively 
stable, there are dynamic offshore bar along the 
North Bellarine coast. Considering the wave height, 
the closure depth for sediment transport maybe up 
to 4 or 5 metre deep. 
 
The sediment transport along the North Bellarine is 
driven by wave conditions in the inter-tidal region 
and shallow area. Typically, sand bars appear to 
fluctuate with seasons and over time appear to 
move sand towards the south relatively uniformly. 
However, the deeper, submerged section of the 
beach appears to be active, with tidal currents up 
and down the coast in the deeper section of the 
beach profile. 
 
6.1 Longshore sediment transport modelling 
Water Technology developed a longshore sand 
transport model to estimate the potential sediment 
transport along the North Bellarine. The model uses 
the Queens Formulation for longshore sediment 
transport, which was initially developed by 
Kamphuis. The model was setup to estimate the 
hourly longshore sediment transport rates using 
wind-wave hindcast over Port Philip Bay, 

astronomical tide levels from 1992 to 2020 and 
corrections for nearshore wind and wave setup. 
 
Figure 2 shows the modelled potential net 
longshore sediment transport accumulating from 
1992 to 2020 at Anderson Reserve, St Leonard 
North and Red Bluff Beach. The direction of the 
transport is positive north and negative south. 

 

 

 
Figure 2 Longshore sediment transport 
 
At Anderson Reserve, there is typically a net 
northerly transport occurring in summer which is of 
lesser magnitude than during the winter period 
where sand is transported south. The resulting net 
sediment transport from 1992 to 2020 was going 
south, with a potential volume of 1,100m3 per year. 
The bulk potential sand transport (i.e. sum of all 
directions) is approximately 17,500 m3 per year. 
 
At St Leonard, the overall net sediment transport is 
going south, with a potential volume of 4,000m3 per 
year. The bulk potential sand transport is 
approximately 18,000 m3 per year, similar to the 
beaches north of Indented Heads. There is a minor 
northerly transport in summer, which is consistently 
overridden by winter storm. 
 
At Red Bluff Beach the overall net sediment 
transport is going south, with a potential volume of 
2,800m3 per year. The bulk potential sand transport 
is approximately 19,000 m3 per year, similar to other 
beaches along the North Bellarine Coast. There is 
typically a net northerly transport occurring in 
summer. 

 

271



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Offshore beach nourishment works along the Bellarine Coast 
Gildas Colleter, John Gater, Hannah Fallon, Duncan Hill 
 
6.2 Cross shore sediment transport and 

storm erosion 
Storm erosion was modelled and was found to be of 
several cubic metre per metre along the North 
Bellarine beaches. Considering the total storm 
demand along the 7km embayment a nourishment 
volume of 10,000 m3 to 100,000m3 appears to be 
necessary to be effective in the short to long term. 
 
7. Sand source 
7.1 Onshore sand sources 
Water Technology investigated possible onshore 
sand sources for beach nourishment sand for the 
project. A range of onshore sand sources are 
summarised in Table 5. 
 
Table 5   Onshore sand properties 
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Sand Size, 
mm 

0.5-1 0.5-1 0.6-1 0.2 0.2 

Distance, km 42 31 8 7 15 
Price 

supplied& 
delivery - 

$/ton 

~$50 ~$50 $16-
$18 

$16-
$18 

$25-
$35 

Offshore sand sources were investigated because 
the volume of sand available at cost below $20 is 
limited to sand recovered at the boat ramps where 
collection is typically of the order of 1,000 m3 to 
3,000m3 per year. 
 
7.2 Offshore sand source investigation 
Seabed sediment samples were collected to 
understand the suitability of offshore sands. 
Following the initial seabed sample collection an 
offshore geotechnical investigation was 
commissioned to recover 1.5m long cores and to 
test soil resistance. A third set of samples were 
gathered, using 600mm-1,000mm long push tubes. 
The investigation covered the locations shown on 
Figure 3. 
 

 
Figure 3   Sand sampling investigations 

 
North of St Leonard the sand was found to be 
narrowly graded, with a fraction of fine lower than 
5% and a median diameter of 0.15mm. South of St 
Leonard the sand was found to be narrowly graded, 
with a fraction of fine lower than 5% and a median 
diameter of 0.2mm. Layers of sand with small 
proportion of fines up to 1200mm thick appeared to 
be available and soil condition suited for a small 
cutter suction dredge. 
 
7.3 Ecological survey 
Australian Marine Ecology carried out an ecological 
survey offshore the Bellarine to establish and map 
the biotopes and any other priority marine features. 
These were then evaluated to optimise the borrow 
areas according to the sensitivity of the observed 
features. 
 
Sensitivity was assessed a combination of both 
resistivity to environmental pressures and potential 
for recovery. All work was consistent with the 
principles and policies of the Marine and Coastal 
Act, and associated decision support systems such 
as CoastKit and the Marine Knowledge Framework 
developed in association with DELWP. 
 
The assessment identified several areas of higher 
ecological value, such as seagrass and reefs to the 
north of Indented Head. More suitable sandy 
conditions have been found to the south east of 
Indented Heads in areas both north and south of St 
Leonard. 
 
7.4 Sand resource mapping 
The following criteria for offshore sand resource for 
beach nourishment have been considered: 
• Presence of compatible sand; 
• Exclusion zone of 50m around well-established 

reefs and seagrass area mapped from 2020 
aerial picture and corroborated by ecological 
assessment and survey; 

• Exclusion zone of 10m around low-complexity 
reef mapped from 2020 aerial picture and 
corroborated by ecological assessment and 
survey; 

• Borrow depth to be shallower than 1.2m – this 
will minimise wave refraction onshore and the 
formation of new erosion hotspots on the coast; 
and 

• Reduced distance to nourishment area. 
 
The most suitable offshore borrow area appeared to 
be North and South of St Leonard, given the higher 
proportion of sand in the samples. The mapping of 
sand resources identified the areas presented on 
Figure 4. 
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Figure 4   Offshore sand sources 
 
The potential volume available in these areas is as 
follows: 
• North St Leonard: 139,000m3 
• South St Leonard: 470,000m3 
 
A mass nourishment can be designed using such 
volumes. 
 
8. Beach nourishment design process 
8.1 Nourishment design philosophy 
The purpose of the beach nourishment is to: 
• Improve beach amenities; 
• Widen the beach profile, particularly above 

mean sea level; 
• Mitigate coastal hazard, including the reduction 

of: 
o coastal flooding due to overtopping waves; 

and 
o coastal erosion hazard. 

 
Nourishment works are transient. The beach sand 
will move along the coast after completing the 
nourishment works. Therefore, the effectiveness of 
the beach nourishment works will change over time 
and also along the coast. The nourishment 
effectively considers lifecycle coastal hazards 
mitigation. Lifecycle considerations applying to 
beach nourishment management consists of (as a 
minimum) monitoring, maintenance, and renewal, 
as outlined in Figure 5. 
 

 
Figure 5   Sand management lifecycle 
 
The following definitions are proposed for these 
activities: 
• Monitoring: Monitoring consists of gaining 

regular information to measure beach volume. 
Beach volume is a critical element of beach 
health, and understanding the evolution of beach 

volume over time allows to quantify and estimate 
funding required to maintain beach amenities. 
Monitoring along the North Bellarine Coast 
includes actions from governmental agency, 
citizen-science program as well the input from 
the local community; 

• Maintenance: Maintenance consists of adding 
sand upstream the direction of longshore 
sediment transport. These consists of localised 
nourishment works to manage the erosion hot-
spots. The sand used for maintenance works is 
typically located in the littoral zone and is moved 
from an oversupplied beach compartment 
downstream to an undersupplied beach 
compartment upstream of the longshore 
transport direction. Beach scrapping is also a 
form of maintenance since this doesn’t affect the 
global beach volume; and 

• Renewal: Renewal works consists of adding a 
new volume of sand in the littoral zone. This 
volume of sand is external to the littoral zone and 
increase the total volume of sand available on 
the beaches. This mitigates the long-term sand 
losses due to reduced sand availability and 
climate change. 

 
8.2 Beach nourishment volume 
A design life of 10 years has been selected for this 
project. This design-life applies to the goals set-out 
in the beach nourishment strategy, which include 
monitoring and maintenance. 
 
The storm demand was estimated using the Velinga 
storm bite beach profile model. Figure 6 shows the 
resulting storm erosion profile at Anderson Reserve 
following a 50-year ARI storm. The erosion width 
was 9m and the storm demand 7.1m3 per metre of 
beach width considering the pre-nourishment 
profile. 

 
Figure 6   Anderson reserve storm demand 
 
Table 3-6 shows the erosion width and storm 
demand for the 2, 10, 50 years ARI storm events at 
all six priority beaches. 
 
Table 6   Erosion width (m) / Storm Demand (m3/m) 
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2 1.75 
/ 2.6 

1.25 
/ 1.0 

N/A N/A N/A N/A 

10 6.25 
/ 5.7 

3.5 / 
1.8 

N/A 2.5 / 
1.9 

2.0 / 
1.5 

2.0 / 
1.5 

50 9 / 
7.1 

5.75 
/ 3.2 

1 / 
4.4 

2.75 
/ 2.5 

2.5 / 
1.9 

2.5 / 
1.9 

 
At Anderson Reserve, the beach was found to be 
eroding for all storms investigated, however this 
was found not to be the case at the other locations. 
Anderson reserve was found to be the least stable 
beach profile overall. This beach will require on-
going nourishment since it is located upstream the 
direction of net longshore sediment transport. The 
most stable beach to storm demand is Wrathall 
Reserve, where the beach is the widest. 
 
8.3 Long term sand deficit 
The shoreline position of sandy beaches moves 
inland as the sea level rises. This inland migration 
is necessary to maintain a naturally dynamic beach 
equilibrium profile. The Brunn Rule was used to 
estimate long-term beach recession due to sea level 
rise. Table 7 presents the calculated beach volume 
loss for the North Bellarine beaches according to 
the Brunn Rule for a sea level rise of 50mm and 
200mm. 
 
Table 7   Beach volume loss (x1,000m3) 
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50 2.4 2.4 6 15.4 12.1 8.4 5.4 

200 9.6 9.6 24 61 48.4 33.6 21.6 

 
A total sand deficit of around 52,000m3 is therefore 
anticipated from Anderson Reserve to Red Bluff 
Beach over the next 10-15 years, consecutive to a 
sea level rise of 50mm. When applying a sea level 
rise of 200mm the sand deficit becomes around 
210,000m3. While a sea level rise of 200mm is 
unlikely to occur in any decade of this century, the 
renewal of the Bellarine North coast beach following 
such a rise could require a sand volume up to 
100,000m3 per decade. 
 
The volume of sand required to maintain the 2019-
2020 beach volumes at horizon 2031-2035 is 
52,000m3 for the Bellarine North coast. The beach 
nourishment design considers obtaining this 
additional sand volume as follow: 
• 45,000m3 re-activated in the littoral zone, which 

is sitting in an offshore deposit St Leonard North 

beach (approx. 35,000m3) and trapped in St 
Leonard Harbour (approx. 10,000m3); and 

• 7,000 m3 from stockpiles at the Point Richard 
and Portarlington Boat ramps (with additional 
top-up from Queenscliff to meet a shortfall). 

 
8.4 Nourishment program 
The beach nourishment is proposed to be carried 
out in three stages over 2020-2021. DELWP will 
carry out Stage 1 and Stage 2. Parks Victoria will 
carry out Stage 3 during the St Leonard Boat 
Harbour maintenance dredging works. The program 
is summarised on Figure 7. 

 
Figure 7   2021 sand nourishment program 
 
The first stage nourishment project targets the 
beach upstream the longshore transport direction at 
Anderson Reserve and consisted of a nourishment 
volume of 5,000m3. The Portarlington stockpiles 
and Queenscliff beach were the most readily 
accessible sand sources of suitable quality for this 
initial beach nourishment work and this work has 
been carried out in December 2020. 
Complementary beach nourishment works were 
carried out at Wrathall Reserve with another 
1,000m3 in June 2021 solely using sand from the 
boat ramps. 
 
The Stage 2 work will explore and dredge the 
offshore sand reserve of St Leonards North in 
August. A volume of 35,000 m3 of sand is targeted 
to create a sand reserve at St Leonard North. This 
area is located in the middle of the North Bellarine 
Compartment and as such is ideal to store sand for 
redistribution to nearby beaches via trucking. Out of 
this volume, 5,000 m3 will be placed at Taylor 
Reserve and a similar volume will be placed at Red 
Bluff Beach. The dredging works have been 
commissioned and due for completion in late 
September 2021 with trucking to follow. 
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8.5 Maintenance 
A forecasting model of the Beach Volume Indicator 
(BVI) was prepared for a period of 15 years, to 
investigate the likely long-term performance of the 
beaches. The BVI was set as the ratio of modelled 
beach volume over the pre-nourishment beach 
volume. BVI is an indicator of beach amenity with a 
BVI over 1 indicating more sand availability than in 
2019 and below 1 less sand in the beach profile. 
The model transports sediment along the Bellarine 
beaches considering morphological longshore sand 
transport along the coast combined with the effect 
of sea level rise. 
 
The model was set with the initial beach 
nourishment program, as well as hypothetical 
maintenance works detailed in Table 8. 
 
Table 8   Nourishment maintenance work 

Year Location Operation Volume,m3 
2026 Anderson 

Reserve 
North St 
Leonard 
trucking 

5,000 

2027 St Leonard 
Harbour 
Beach 

St Leonard 
harbour 
bypass 

10,000 

2031 Anderson 
Reserve 

St Leonard 
harbour 
trucking 

5,000 

2032 St Leonard 
Harbour 
Beach 

St Leonard 
harbour 
bypass 

10,000 

 
Figure 8 shows the resulting BVI along the Bellarine 
Coast overtime. 
 

 
Figure 8   Modelled Beach Volumetric Index 
 
The results suggest that the beaches north of 
Indented Heads can improved significantly over the 
project design life. The beach North and south of St 
Leonard are likely to remain wide for 10 years. The 
results also indicate that a noticeable volume of 
sand may start to flow into the St Leonard beach 
compartment as Indented Heads is bypassed. Sand 
collected into St Leonard Harbour may be back-
passed upstream to Anderson Reserve rather than 
downstream as the south St Leonard beaches are 
likely to remain wide. 
 
8.6 Renewal 
Once the North St Leonard sand reserves have 
expired, it may be possible to recharge the offshore 
borrow area with clean sand, dredged from the Port 
of Melbourne channel dredging works. The renewal 

of the Bellarine North coast beach may require a 
sand volume up to 100,000m3 per decade in the 
future. 
 
The Port of Melbourne channel maintenance works 
recover a much higher volume of clean sand each 
decade. The borrow area dredged during the 2021 
offshore campaign could be recharged at low cost 
by relocating the channel entrance sand to this 
area, instead of placing the sand into the port south 
Dredge Management Ground. 
 
9. Conclusion 
A mass nourishment approach was designed using 
offshore sand sources to manage coastal hazards 
and provide long-term beach amenities along the 
North Bellarine. The project seeks to place 
approximately 50,000m3 of sand over two years and 
along 7km of shoreline inside Port Phillp Bay. 
 
Such a mass nourishment approach is a game 
changer for the local coastal management as the 
sand volume gained is sufficiently large not only to 
restore beach amenities but also to mitigate climate 
change. 
 
Previous coastal management works were localised 
and only addressed hot-spots with minimal 
integration. The long-term strategy is to combine 
several sand sources from harbours and channels 
maintenance dredging works to maintain high 
quality beach amenities along the coast. 
 
The actual beach response and operational triggers 
for maintenance work will depend on future weather 
and storm events. Therefore, monitoring is on-
going. 
 
In the long-term past the nourishment design life, a 
beneficial re-use of dredging material could 
efficiently renew the borrow area for future 
nourishment works along the North Bellarine. This 
novel approach could be used at other beaches 
around Port Phillip Bay. 
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Abstract 
Satellite remote sensing provides low-cost data appropriate for assessing coastal change at large scales. To 
apply such techniques at regional and national scales, initial identification of coastal land cover types using 
satellite data is required with high degrees of accuracy. In New Zealand the physical diversity of the coast 
presents challenges for large-scale application of remote sensing techniques. This paper aims to identify 
coastal land cover types in the Auckland region by validating a hybrid rule-based and machine learning 
methodology developed in Google Earth Engine that utilises freely available satellite data from both optical 
and synthetic aperture radar (SAR) sensors. Data pre-processing was applied to develop a composite image 
for 2019 containing data from Sentinel-1 (SAR) and Sentinel-2 (optical) satellites. Hierarchal rules were 
developed to separate water and vegetation land covers. The remaining land cover types (titanomagnetite 
volcanic sand, quartz-feldspathic sand, intertidal, artificial surfaces, and rock coasts) were identified using a 
random forest machine learning classifier trained with high-resolution satellite data and ancillary datasets. The 
overall accuracy of the approach was 82% with a kappa statistic of 0.79. The overall detection of sandy coast 
in the Auckland region had a producer’s accuracy of 93.6% and user’s accuracy of 86.4%. SAR data provides 
valuable information about the physical/textural characteristics of built areas that reduces the misclassification 
of these areas as quartz-feldspathic sand, leading to greater accuracies compared to using just optical data. 
The methodology provides a low-cost solution for the identification of coastal landcover types that can be 
applied at national scale. Such information will be instrumental in efforts to develop remote sensing approaches 
to accurately detect coastal change beyond local scales. 
 
Keywords: Remote sensing, Synthetic Aperture Radar, Optical, Google Earth Engine, classification. 
 
1. Introduction 
Depositional coastal environments are subject to a 
variety of hazards, particularly erosion and flooding 
which can occur at a range of temporal and spatial 
scales and are influenced by both environmental 
and anthropogenic factors [19]. Timing and 
magnitude of such hazards are poorly resolved and 
the impacts of climate change will contribute further, 
uncertainty, thus adaptation at the coast is a key 
global issue [12]. Between 2006 – 2015 rates of 
global mean sea level rise (MSLR) were greater by 
a factor of two compared with MSLR in the 20th 
century [17]. This acceleration is associated with 
anthropogenic warming [9] which is likely to 
exacerbate the impacts of coastal hazards. 
Effective strategic planning and mitigation therefore 
requires scientific information describing past, 
current, and future rates of coastal change at local, 
regional, and national scales. 
 
Earth observation (EO) data has been widely 
applied to investigate coastal change by analysing 
shoreline position. Whilst commercial data can 
provide very high spatial resolution (< 1 m), many 
investigations have been driven by access to freely 
available EO imagery. Geographic coverage and 
temporal/spatial resolutions (5 – 16 days/10 – 30 m) 
offered by publicly available EO data (e.g., Landsat 
and Sentinel) can address limitations associated 
with traditional methods of monitoring shoreline 
position [1]. Several types of EO data have been 
used, including optical and Synthetic Aperture 

Radar (SAR). Passive optical sensors 
(Landsat/Sentinel-2) operate in the visible to 
infrared portion of the electromagnetic spectrum, 
capturing information, via solar radiation about the 
spectral characteristics of the Earth’s surface that 
are reflected or emitted. SAR (Sentinel-1) are active 
sensors, transmitting and receiving energy in the 
microwave portion of the spectrum. Information is 
recorded as backscatter and interacts with the 
physical characteristics of surface features. Key 
benefits of SAR systems are that the signals 
penetrate clouds and are therefore not limited by 
weather. Both optical and SAR are effective at 
separating terrestrial and water features due to 
explicit variations in spectral and textural properties 
respectively.  
 
Techniques tend to focus on the extraction of 
instantaneous waterlines (IW) as a proxy for 
shoreline position [1]. Alterations in the position of 
this boundary are considered a significant indicator 
of change and is frequently used by scientists. 
Information from shoreline positions analysis is 
required for coastal management, 
engineering/design of coastal protection, 
calibration/validation of modelling approaches and, 
assessments of coastal hazards and associated 
mitigating practises [1]. Techniques used to 
separate land and water in EO data provide 
objective and repeatable approaches to extract the 
IW shoreline with high degrees of accuracy [21]. 
The position of the IW is primarily a function of wave 
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and tidal processes and beach gradient. In some 
environments this can mean spatial/temporal 
variation can be tens to hundreds of metres at very 
short timescales. Whilst a simple indicator of 
change at the coast, interpreting the IW position and 
what this means in the context of long-term change 
for a given section of sandy coast is uncertain.  
 
Pixel-based classification techniques are an 
effective low cost means of utilising EO data for the 
identification and monitoring of land cover/use. A 
plethora of applications have been developed and 
applied to monitor change for a range of land cover 
types (e.g., forestry, surface water, urban 
development) from regional to global scales [3]. 
This has been driven by the accessibility of 
appropriate data and improvements in computing 
performance, namely developments in cloud 
computing to process large quantities of data. 
Platforms such as Google Earth Engine (GEE) 
provide petabytes of freely available remote sensing 
datasets offering global coverage since the 1970s, 
as well as the tools and processing power to 
analyse the data from any computer with a good 
internet connection [10]. Pixel based classification 
presents the opportunity to leverage meaningful 
information from all pixels across the coastal zone. 
 
Per-pixel processing techniques have been used in 
remote sensing coastal change investigations at 
regional and global scales but are limited compared 
to shoreline extraction applications. Classification 
techniques have been used to assess annual water 
frequency as a proxy for change [23]. The 
development of cloud computing platforms (e.g., 
GEE) has driven global scale analyses of the coast 
using per-pixel techniques, including supervised 
machine learning classification of the worlds’ sandy 
beaches [15]. Supervised classification techniques 
have also been used to improve IW shoreline 
extraction techniques by removing noise associated 
with landcover types at the coast other than water 
and sand [21]. These approaches all focus on the 
separation of water and non-water pixels as an 
indicator of change. There is a lack of per-pixel 
techniques that consider information across the 
entire coastal zone. 
 
For successful implementation of supervised 
classification algorithms training data must be fully 
representative of all thematic classes observed  and 
therefore all training pixels must contribute to the 
spectral signature of a given class without 
contribution of mixed pixels [14]. The collection of 
appropriate training data is therefore paramount. 
The New Zealand coastline is highly dynamic and 
variable. Sediment type, for instance, can vary both 
regionally and locally, which is evident when 
comparing east and west coasts of both the North 
Island and South Island. The north-western 
coastlines are dominated by titanomagnetite sands, 

whilst on the east coast beaches are comprised of 
traditional quartz-feldspathic and carbonate sands 
[4]. Physical characteristics must be considered in 
classification workflows to develop robust products 
that can be used to identify change at a pixel level 
for a range of coastal land cover types. The aim of 
this study is the development of a per-pixel 
classification workflow using a hybrid rule-based, 
machine learning approach to identify coastal land 
cover types at the New Zealand coast that is 
scalable for the development of a national coastal 
land cover product. Such a product is the initial step 
in the development of a change detection workflow 
to assess past, current, and future change across 
coastal land cover types that can provide better 
proxies of change than the sole use of the shoreline 
position. In doing so, accounting for the dynamic 
coastal environments across New Zealand. The 
methodology was developed and validated for the 
Auckland region using all available data from 
Sentinel-1 and 2 for the year 2019 to develop a 
baseline coastal land cover product. 
 
2. Methods  
2.1 Study area and data 
The Auckland region was selected as an 
appropriate study region as a wide range of coastal 
land cover and beach types are found across the 
Auckland region. All available images from Sentinel-
1 (229 images) and Sentinel-2 with cloud cover < 
20% (242 images) for the year of 2019 were used. 
The coastal region was defined by generating a 
1500 m buffer around the mean high water (MHW) 
mark coastline available from Land Information New 
Zealand (LINZ), at a scale of 1:50,000. This 
provided a broad 3 km zone at the coast as the 
study area.  
 
High resolution datasets from Planet’s RapidEye (5 
m) constellation were acquired for 2019 for the 
generation of reference data to train and validate 
classification outputs described in section 2.3. The 
focus of the study was the identification of 
depositional sediment in the coastal zone. The 
Shuttle Radar Topography Mission (STRM) 
elevation model [6] was used to define an elevation 
threshold of 10 m that removed most cliffed sections 
of coast. This is a freely available dataset with global 
coverage. Most datasets were available in GEE, 
having had necessary pre-processing steps applied 
they are considered analysis ready data (ARD). 
Sentinel-2 level-2A surface reflectance products 
and Sentinel-1 level-1 ground range detected 
(GRD) products were used in the classification 
workflow (Figure 1). Data processing was 
performed in the GEE code editor through a web-
browser.  
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Figure 1 Workflow implemented in Google Earth Engine. 
All processing took place in the code editor. This provides 
functions to analyse EO data for large geographic areas 
efficiently. 

 
Composite development 
Multi-temporal composite images were derived 
using statistical aggregations of all available pixel 
values within the time period. Cloud masking was 
performed on optical data using the cloud mask 
provided with Sentinel-2 level 2A products. Several 
spectral indices (normalised difference vegetation 
index (NDVI) , normalised difference water index 
(NDWI) [8], modified normalised difference water 
index (MNDWI) [22] and automated water extraction 
index (AWEI) [7] for the identification of vegetation 
and water in EO data) were calculated for each 
optical image and composite bands were adapted 
from [16] (Table 2). To ensure that only cloud-free 
observations were included the 15th percentile pixel 
values were used for all optical bands. Cloudy pixels 
exhibit high spectral reflectance values, by selecting 
the 15th percentile value cloudy observations were 
excluded from the composite [11]. 
 
Table 1 Optical composite bands derived from the indices 
images adapted from [18]. These bands were passed to 
the machine learning classifier. This provided greater 
information for the separation of spectrally similar classes. 

Indices Images Composite bands 
NDVI Interval mean 10 – 90  
NDWI, MNDWI, AWEI Minimum 
 Maximum 
 Median 
 Standard deviation 
 10th percentile 
 25th percentile 
 50th percentile 
 75th percentile 
 90th percentile 

 
SAR data is sensitive to acquisition parameters 
(e.g., incidence angle, polarisation) [20], so pre-
processing steps were required. Incidence angle 
corrections were applied to remove observations 
with low/high angles. Sentinel-1 offers dual 
polarisation, transmitting and receiving in both 

vertical and horizontal planes. In this study, 12 
mean SAR bands were derived. These were 
normalised by Sentinel-1 acquisition parameters 
(e.g., orbit and polarisation). Optical and SAR 
composites were stacked, creating an annual 
composite for 2019 with 51 bands. All bands were 
resampled to 20 m. 
 
2.2 Classification  
A supervised hierarchal classification workflow was 
devised utilising both rules and a random forest 
machine learning classifier [2] to separate coastal 
landcover into seven classes (Figure 2). Automated 
Otsu thresholding [18] was applied to median 
MNDWI to separate water and non-water pixels and 
then to interval mean NDVI to separate vegetation 
and non-vegetation classes. Remaining pixels were 
classified by the random forest classifier. One 
hundred training pixels per class were identified 
using high resolution optical imagery, to ensure that 
training pixels were fully representative of each 
given class and mixed pixels were excluded. 
Random forest was selected due to the ability of the 
algorithm to rank the importance of input variables 
to assess which bands that contribute most to the 
classification. 
 

 
Figure 2 Class hierarchy implemented in the 
classification. The seven thematic classes are coloured. 
Water and vegetation were separated via initial rules and 
remaining classes were identified through machine 
learning. 
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2.3 Validation  
A set of 250 points per 
class were generated 
using a stratified sampling 
approach and visually 
assessed against high 
resolution images 
acquired from the same 
period as the data input to 
the classification. Error 
matrices were derived to 
assess the accuracy of 
classification outputs. An 
error matrix was used to 
assess the relationship, on 
a class-by-class basis, 
between ground truth 
points and the 
classification output [13]. 
This allowed an evaluation 
of omission and 
commission errors. 
Omission errors 
represents pixels that 
should have been 
classified as a given class 
but have been excluded. 
Commission errors include 
pixels that are incorrectly 
classified as another class. 
Overall accuracy and 
kappa were calculated as 
well as User’s (UA) and 
Producer’s (PA) accuracy 
to assess the accuracy of 
individual classes. UA is 
associated with 
commission errors and 
specifies the probability 
that a pixel classified as a given class represents 
that class on the ground. PA represents how well 
training set pixels of a given class have been 
classified. Validation metrics for optical and 
optical/SAR classifications derived from the same 
training pixels and validated with the same subset 
of ground truth points were compared to evaluate 
the combination of optical and SAR data. 
 
3. Results 
Overall accuracy for the classification output 
utilising both composites was 82% (kappa 0.79). 
Accuracies between classes varied considerably, 
PA ranged from 75% – 100% and UA 57.2% - 
97.2% (Table 3). Vegetation was the most 
accurately discriminated class. Combined accuracy 
for sandy coast was good (UA = 93.6% and PA = 
86.4%). Titanomagnetite sand was most accurately 
classified which was particularly evident at locations 
along the west coast (Figure 3). Most 
misclassifications within the class were associated 
with quartz-feldspathic sand. The highest omission 

errors were for the water class (PA = 64.5%), 
associated with misclassification of pixels as 
intertidal and rock coast. This suggests that the 
initial rule separating land and water pixels is 
excluding water pixels, particularly at boundaries 
with bare rock and intertidal areas. 
 
Table 2 User's and Producer's accuracy from the final 
classification output using optical and SAR data. 
Separation of depositional sediment was good. The 
results indicate the classification is effective at identifying 
coastal landcover in the Auckland region.  

Class Producer’s 
(%) 

User’s 
(%) 

Water 64.5 94.4 
Vegetation 99.6 97.2 
Titanomagnetite sand  92.4 88 
Quartz-feldspathic sand 75 91.2 
Intertidal 70.1 71.2 
Rock coast 100 57.2 
Artificial/managed surfaces 93 74.8 

Figure 3 A. True colour image of the Sentinel-2 optical images used in the classification 
with examples of the classification output for B. Muriwai, C. Piha, D. Whatipu. 
Titanomagnetite was the most accurately classified depositional coastal land cover type. 
This highlights the strength of the workflow to detect coastal landcover on a per-pixel basis. 
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Omission errors for quartz-feldspathic sand were 
high (PA = 75%), primarily associated with pixels 
misclassified as artificial/managed surfaces. Rock 
coast was most poorly classified (UA = 57.2%) with  
very high commission errors associated with all 
other classes but contained no omission errors 
meaning all rock coast was correctly identified, but 
a high proportion of non-rock coast was incorrectly 
identified as rock. The intertidal class also 
performed poorly associated with misclassification 
of all other classes and commission errors related 
to the water class. A comparison of validation 
results between supervised classification outputs 
that used optical and both SAR and optical data 
found that using both datasets led to greater 
accuracies. Overall accuracy and kappa increased 
by 3.78% and 0.04 respectively. Accuracy for sandy 
coast classes using optical and SAR data increased 
both UA and PA by 5.8% and 10.7% respectively. 
Analysis of UA and PA showed increases in all 
classes, except for decreases in PA in the 
titanomagnetite sand class and UA for the intertidal 
class when using the combination of SAR and 
optical data (Figure 4). The most significant 
increases in UA and PA were found for the quartz-
feldspathic sand class and rock coast class. 
 

 
Figure 4 Stacked bar chart showing the increase in PA 
(left bar) and UA (right bar) for each class in the 
supervised classification respectively. Improvements 
were evident in all classes. Misclassification of Quartz-
feldspathic sand as artificial/managed surfaces was 
reduced. 

 
Increased PA associated with quartz-feldspathic 
sand (13.16%) were driven by improved separation 
of artificial/managed surface pixels. Improved 
accuracy for the bare rock class (PA: 12.58%, UA: 
11.81%) was associated with reduced 
misclassification of all other classes, particularly 
water and titanomagnetite sand. In the 
artificial/managed surface class, successful 

identification of quartz-feldspathic sand pixels 
accounted for 88.7% of the reduction. A decrease in 
PA (-4.62%) was evident for titanomagnetite sand 
which was due to misclassification of pixels as rock 
coast. Decreases in UA (-25.39%) for the intertidal 
class were associated with the increased 
misclassification of water pixels. The hierarchal 
rules to separate water/non-water and 
vegetation/non-vegetation were highly accurate. It 
is also clear that a combination of optical and SAR 
data to train the random forest classifier produced a 
more accurate output compared to the use of optical 
data. The greatest reductions in error were 
associated with the improved separation of sandy 
coast, rock coast and urban areas. 
 
4. Discussion 
Using a combination of optical and SAR EO data a 
variety of coastal land cover types in the Auckland 
region have been accurately identified using GEE 
on a per-pixel basis at 20 m spatial resolution. The 
methodology developed is considered the first key 
step toward per-pixel change detection to assess 
coastal change at regional to national scales, 
providing information about a range of coastal 
landcover types rather than a shoreline-based 
approach. Previous approaches implementing 
pixel-based analyses have either focused on the 
separation of land and water [15], [23], or the 
identification of land cover types to reduce noise 
and improve the extraction of IW shorelines [21]. 
Whilst these techniques provide robust repeatable 
approaches to analyse rates of change of the IW 
shoreline position, important information captured 
by EO data could be removed. A benefit of pixel-
based techniques is the ability to assess change on 
a per-pixel basis across the entire coastal zone 
rather than condensing information to focus on a 
single shoreline proxy. 
 
Through the identification of a range of land cover 
types in the coastal zone, better understanding of 
the impacts of coastal hazards can be investigated 
through the response of individual landcover types 
rather than the response of the shoreline position. 
For example, the hierarchal rules accurately 
discriminate water and vegetation with the highest 
UA values for those classes. Vegetation was the 
most accurate class. Further separation of the class 
could provide information about specific 
coastal/marine vegetation (e.g., Mangrove and 
dune vegetation) for New Zealand’s coast to better 
understand the impact of vegetation at the coast. 
 
A major benefit of this workflow can be implemented 
with EO data from multiple sensors and time 
instances. The Landsat archive contains historical 
data from the last four decades. Applying this 
methodology to multiple years utilising both Sentinel 
and Landsat sensors could provide a long-term 
national scale assessment of New Zealand’s coast. 
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4.1 Improvements from SAR 
Incorporating SAR data in the classification led to 
increases in accuracy, most notably, improved 
detection of sandy coast. SAR data was combined 
with optical data to provide information about the 
physical properties if the land cover types under 
investigation to the machine learning classifier. 
Confusion between artificial/managed surfaces and 
quartz-feldspathic sand is evident in optical data as 
spectral characteristics are similar [13]. SAR 
interreacts with the physical characteristics of land 
cover surfaces providing contextual information 
which is useful for the detection of anthropogenic 
surfaces and separation of quartz-feldspathic sand, 
especially in developed coastal areas where 
infrastructure is within close proximity of beaches 
(Figure 5).  
 

 
Figure 5 A. True colour image from RapidEye acquired 
11/2019 of Milford beach, Auckland B. Optical 
classification output C. Optical/SAR classification output. 
Misclassification of artificial/managed surface pixels as 
quartz-feldspathic sand is reduced when SAR/optical 
data are used to train the classifier. Accurate detection is 
instrumental for per-pixel change detection workflows.  

Whilst the fusion of SAR and optical data led to 
improved demarcation of these classes, 
misclassification was still evident in areas where 
development was sparse and physical 
characteristics between anthropogenic land cover 
and beaches were similar (Figure 3, D). Significant 
improvements were also evident in the rock coast 
class, despite having the lowest UA value. No 
omission errors and high commission errors 
(associated with all other classes) suggest that 
whilst the workflow is effective at identifying rock 
coast it is over-represented. Previous studies have 
found that the random forest algorithm can be 
sensitive to size and distribution of training data 
[24]. Area-proportional training has been found to 
produce best results where classes covering larger 
geographic areas required greater training data to 
be fully represented in outputs [5]. Misclassification 
of artificial/managed surfaces at rural remote 
beaches and high commission errors for rock coast 
suggest these classes are over-represented in the 
training data. Rock coast within the Auckland region 
covers the smallest area relative to the other 
thematic classes. Further work is required to assess 
the impact of training data on the supervised portion 
of the classification workflow. 
 
Future work should investigate the use of area 
proportional training data. Next steps include the 
implementation of the workflow at the national scale 
to develop a baseline of land cover identification for 
New Zealand’s coastal regions. Establishing a 
baseline is a step towards assessing change using 
EO data and can applied to both historical and 
future data to assess past, current, and future 
change [3]. In doing so, this can provide low-cost 
information to better inform coastal practitioners of 
changing coast especially in regions where other 
forms of data are limited or expensive to acquire. 
 
5. Conclusions 
A per-pixel classification workflow was developed 
with public EO data and Google Earth Engine to 
derive a land cover product specific to the coast in 
the Auckland region with high degrees of accuracy. 
Depositional sediment types (Titanomagnetite and 
Quartz-feldspathic sands) were accurately 
identified, alongside a variety of other land cover 
types at the coast. A combination of publicly 
available optical and SAR data produced better 
results than just optical data alone. Such an 
approach provides a low-cost method that can be 
implemented at the national scale. This is the initial 
step toward per-pixel change detection enabling 
better understandings of New Zealand’s changing 
coast at macroscales. 
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Abstract 
Bathymetric data are fundamental in assessments of shallow-water hydrodynamic processes. In-situ surveys 
provide high data quality; however, they can be expensive due to the resources/personnel needed and 
accessibility in highly dynamic environments. To fill this gap, Satellite Derived Bathymetry (SDB) techniques 
have been developed such as empirical methods using multispectral images, e.g. the Stumpf method, which 
uses the ratio between colourbands. Despite of all the technical improvements related to SDB, its potential 
use in hydrodynamic models for predicting tides and surge in estuaries has been assessed only in a few 
studies. The present work aims to evaluate the potential use of empirical SDB techniques in estuarine surge 
modelling. The method that was applied in the present work consists of 2 parts. Firstly, we estimated the 
bathymetry in intertidal zones for Oruamatua sub-estuary in Tauranga Harbour using the Stumpf ratio 
technique. Secondly, using Delft3D FLOW model for simulating astronomical tide, we compared the output of 
2 different simulation scenarios: (1) using the on-site surveyed bathymetry (compiled from multiple sources) 
and (2) using the Stumpf-derived SDB in intertidal zones. Models 1 and 2 were compared by calculating the 
root-mean-squared-error (RMSE), maximum absolute error (MAE) and Pearson correlation coefficient in 
relation to tide gauge observations collected at Oruamatua. Preliminary results showed that, despite 
restrictions of the Stumpf-ratio method implementation in intertidal zones, scenario 2 resulted in a similar level 
of accuracy (RMSE= 13cm; MAE=42 cm) to scenario 1 (RMSE= 13; MAE=41cm). Our results indicate that  
satellite-derived bathymetry techniques are accurate enough to use in hydrodynamic modelling, especially in 
remote areas, where the assessment of flooding risk is more difficult. 
 
Keywords Stumpf-ratio, hydrodynamic modelling, intertidal zones, flooding, Google Earth Engine 
 

1. Introduction 
 
Climate change will affect the intensity and 
frequency of coastal flooding events by 
strengthening storm events [9,24,28]  and 
aggravating sea-level rise, which will potentially 
increase the risk of exposure of coastal 
communities [21,22]. Thus, many efforts have been 
made to improve techniques and robustness of 
models for predicting storm surge and flooding 
[6,10]. In practice, predicting flooding events 
depends on understanding the contribution from 
different environmental drivers (e.g. astronomical 
tide, storm surge, changes in sea-level). In the 
specific case of estuaries, bathymetric data are 
essential for predictions [4,23] because water 
depth controls the amplitude and phase of the 
propagating tide as well as the estuary’s geometry, 
length, and bed-shear stress. 
 
Existing methods for acquiring bathymetry in 
estuaries use classic methods such as acoustic 
techniques based on the Doppler effect and remote 
sensing (RS) techniques.  The advantages, 
disadvantages and accuracy of each RS method 
depend on the environment in which they are 
applied and the depth range of the region of 
interest [11]. Although RS methods are not as 
accurate as the acoustic techniques, they are 

faster, cheaper and more applicable to a wider 
range of environments, including remote and/or 
shallow coastal waters [8]. They also allow the 
bathymetry to be estimated over extensive areas 
which would not be accessible using traditional 
methods [2]. 
 
Satellite derived bathymetry (SDB) using passive 
multispectral images works on the principle that the 
total amount of radioactive energy reflected from a 
water column is a function of water depth. Some of 
SDB methods use a radiometric approach, 
assuming that different light wavelengths are 
attenuated to different degrees through the water 
column. In these cases, the bathymetry is 
estimated using empirical formulae to fit the relative 
reflectance of different spectral bands in each pixel 
to the measured in-situ water depth. One of the 
most widely used optical approaches is the linear 
ratio model (the ‘Stumpf-ratio method’) [26]. This 
method is well validated for exposed coastal areas, 
where it generates high density bathymetric data. 
However, limitations include: the requirement of in 
situ bathymetric data to calibrate the empirical 
relationships; the limitation to areas with depths 
less than 25 - 30 m and turbid waters, such as 
enclosed seas, bays and estuaries, where light 
attenuates too quickly to reach the seabed. 
Specifically for intertidal zones, the waterline 
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method has been widely applied using SAR images 
[1,17] and multispectral images [7,16]. This method 
is based on detecting the land-water boundary in 
an image, and associating this line to the tidal 
height relative to the local vertical datum at the time 
of image acquisition.  
 
In spite of the fast development and improvement 
of SDB methods, it is not yet clear whether the 
accuracy of the resulting bathymetry is suitable for 
coastal tidal or storm surge modelling. Therefore, 
our study is aimed at assessing the use of the 
Stumpf-ratio derived bathymetry for hydrodynamic 
modelling for estuaries in comparison to survey 
bathymetry. 
 

2. Study site  
 
Tauranga harbour is located in the eastern coast of 
north island of Aotearoa New Zealand, in the Bay 
of Plenty region (Figure 1A). The Oruamatua sub- 
estuary (Figure 1B) (Rangataua Bay) is located in 
the southern portion of Tauranga Harbour, and has 
an extensive tidal flat area. The studied site has a 
microtidal regime with the spring tidal range equal 
to 1.75 m [14]. Associated with the tidal flats, 
mangrove forest can be observed as well as vast 
seagrass meadows [13]. 
 

 
Figure 1   Study site: Tauranga Harbour, north island, 
Aotearoa New Zealand (A). Location of Oruamatua tide 
gauge and sub-tidal basin during low tide (B). 

 
For the implementation of the SDB technique, only 
tidal levels and imagery are needed. The historical 
tide levels, between years 2001 to 2020, were 
extracted from the Bay of Plenty Council data portal 
(https://envdata.boprc.govt.nz/) while the 
Copernicus Sentinel satellite image was acquired 
through Google Earth Engine [12], from spacecraft 
Sentinel 2A and B, product type level-2A. 
 
The Sentinel-2 satellites have a revisit frequency of 
5 days in the Aotearoa New Zealand region. The 
images are georectified and have a spectral 
resolution of 12 bands. Here we used the green 
(band 3, 560 nm), blue (band 2, 490 nm) bands, all 
of them with 10 m resolution. A single image was 
used to derive bathymetry data, which was 
acquired by the satellite on 2019/04/06 22:16:09 
UTC, when the observed tide was 0.99 m above 
local 1953-Moturiki vertical datum (which is now 12 
cm below mean sealevel) at the Oruamatua tide 
gauge (at high tide). 
 
For validating the SDB, we used topo- bathymetric 
LiDAR survey with 1x1m resolution available in the 
Land Information New Zealand data portal 
(https://data.linz.govt.nz/), acquired in 2015. The 
LiDAR data have a vertical accuracy of ± 0.2 m and 
± 0.6 m horizontal with 95% confidence for Bay of 
Plenty. All the LiDAR data were converted to the to 
Moturiki vertical datum using the GEOID correction 
grids available in the LINZ data portal. 
 
Additional bathymetric data for the hydrodynamic 
model were needed to supplement the SDB for the 
deepest parts of the model domain (e.g. tidal 
channels and coastal zone). We used a 
combination of data from multiple sources: 
multibeam survey (Port of Tauranga, 2017), LiDAR 
(2008 from AAMHATCH and 2016 from LINZ) and 
LINZ hydrological charts NZ 5411, 2016. These 
were converted from chart datum (lowest 
astronomical tide) to local Moturiki datum after 
interpolation by adding a uniform value of 1.05m to 
the data. These are referred to as “multi-source” 
bathymetry from hereon in. 
 

3. Methods 
 
We implement a method that consisted of 2 steps: 
(1) the SDB estimation; and (2) hydrodynamic 
modelling assessment. In the first step, we applied 
the Stumpf-ratio method, exploring the relation 
between the log-ratio green/blue band and the 
LiDAR bathymetry data [26]. For evaluating the 
performance of the SDB technique, we compared 
the SDB estimation to the LiDAR data. In the 
second step, to assess the accuracy of different 
simulation scenarios (Table 1), we compared the 
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model output to the observations from the 
Oruamatua tide gauge. 
 
For the evaluations of the SDB and modelling 
assessment, we applied the following error 
parameters: root mean squared error-RMSE (eq. 
1), maximum absolute error-MAE (eq. 2), relative 
error-RE (eq. 3), and correlation coefficient-R2 (eq. 
4): 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (ℎ𝑒𝑒𝑒𝑒𝑒𝑒−ℎ𝑜𝑜𝑜𝑜𝑒𝑒)2

𝑛𝑛
𝑛𝑛
𝑖𝑖=1     (1) 

𝑅𝑅𝑀𝑀𝑅𝑅 = 𝑚𝑚𝑚𝑚𝑚𝑚
𝑖𝑖=1…𝑛𝑛

|ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖 − ℎ𝑜𝑜𝑜𝑜𝑒𝑒𝑖𝑖|  (2) 
 

𝑅𝑅𝑅𝑅 = ℎ𝑜𝑜𝑜𝑜𝑒𝑒 − ℎ𝑒𝑒𝑒𝑒𝑒𝑒  (3) 
 

𝑅𝑅2 =   
∑ (ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖−ℎ𝑜𝑜𝑜𝑜𝑒𝑒������)2𝑛𝑛
𝑖𝑖=1

∑ (ℎ𝑜𝑜𝑜𝑜𝑒𝑒𝑖𝑖 − ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖)2 + (ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖−ℎ𝑜𝑜𝑜𝑜𝑒𝑒������)2𝑛𝑛
𝑖𝑖=1

 

 (4) 
 
where ℎobs is the observed value (e.g. LiDAR data, 
tidal gauge observation, astronomical tide 
prediction), and ℎest is the estimated variable value 
(e.g. SDB elevation, water level model output). 
 
The RE can assume positive (+ẟ) or negative 
values (-ẟ), accordingly to the vertical difference of 
a given point. RE is positive when the estimated 
point is deeper than the corresponding LiDAR data; 
conversely, RE is negative when the estimated 
value is shallower. 
 
For the numerical simulations, we used the 
DELFT3D FLOW suite to create a model set-up 
with a 20x20 m resolution grid covering the 
southern part of the Harbour. To force the water 
level along the seaward boundary, we used 
astronomical components of Moturiki island tide 
gauge, acquired by harmonic astronomical tidal 
analysis using U_tide [5]. The bed roughness was 
variable across the model domain, with values of 
Chézy coefficient of 35 m1/2/s for the tidal flats, 45 
and 55 m1/2/s for intermediary-depth areas; 65 and 
75 m1/2/s for the deepest channels. These Chézy 
values were calibrated with an extensive 
deployment of instruments in [27] and [25]. 
 
We designed 2 different simulation scenarios to 
assess the use of SDB in hydrodynamic modelling, 
Table 1. The scenarios aimed to evaluate the 
model accuracy for predicting water level 
accordingly to the bathymetric source. In S1 and 
S2, we varied the bathymetric data source in the 
intertidal zones - multi-source and Stumpf-ratio 
derived, respectively - keeping the same multi-
source bathymetry data for the channels and 
deeper areas of the estuary in both scenarios.  
 
 
 

 
Table 1   simulation scenarios to assess the use of SDB 
in hydrodynamic modelling and their bathymetric data 

source. 

Scenarios Source 
intertidal zone 

Source Deeper 
areas 

S1 
multi-source  

survey  
bathymetry 

multi-source 
survey 

bathymetry 

S2 Stumpf-derived 
SDB 

multi-source 
survey 

bathymetry 
 

4. Results  
 
4.1 Accuracy of the SDB methods 
 
The pixel-by-pixel resolution of the Stumpf-derived 
SDB, Figure 2A, was 10 m (the same as the 
Sentinel Copernicus data), with an associated error 
of RMSE=25 cm. The derived bathymetry in the 
upper and lower parts of the intertidal zone present 
the worse approximations, with positive and 
negative relative errors, respectively. This means 
that the SDB is deeper in the upper part and 
shallower in the lower part of the intertidal zone, 
when compared to the LiDAR data (Figure 2B). The 
best estimation is obtained for the middle part of 
the tidal flat. 
 

 
Figure 2   (A) Estimated SDB and corresponding relative 
vertical error. (B) Profile plot comparing the LiDAR data 
(black line) and the Stumpf-ratio derived bathymetry 
(green dashed line). 
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These inconsistences are caused by the low 
coefficient of determination (R2=0.09) between the 
green/blue band ratio and the LiDAR depth when 
the Stumpf-ratio method is applied (the calibration). 
The weak statistical relation between the ratio 
bands and the depth is due to the shallow water 
column in the tidal flat, which does not allow a 
proper development of the log-ratio/depth 
relationship, especially when depth changes were 
small (order of centimetres). 
 
The attenuation of the light in the water column is 
one of the main limitations for Stumpf-ratio method, 
which means that technique accuracy will worsen 
as the turbidity increases. The accuracy in 
Tauranga Harbour is possibly because of its low 
water column turbidity. In addition, the vertical 
accuracy of the LiDAR data (20 cm) and the date 
of the survey campaign (year of 2015) represent 
another error source. Although Tauranga Harbour 
does not have abrupt morphological changes over 
time, changes in order of few centimetres can 
occur, potentially reducing the similarities between 
LiDAR and SDB. 
 
4.2 Assessing water level simulations  
 
The Stumpf-derived SDB scenario (S2) is as precise 
(RMSE=13 cm, MAE=41 cm, R2=0.93) as the S1 
scenario (RMSE=13 cm, MAE=42 cm, R2=0.93) for 
predicting the water level variations at Oruamatua 
tide station, Figure 3. One factor that contributes to 
this similarity is that we used the same bathymetric 
data for the deeper areas, (Figure 2). 
 
The maps of water level output showing the 
difference in the predicted water levels between S1 
and S2 at the same model time step, are shown in 
Figure 4. During low tide (Figure 4A), the scenarios 
show similar water levels and major differences are 
found in the straight, inner tidal channels (~ 50cm), 
due to the limitation in the spatial resolution of the 
numerical grid, which does not allow the proper 
representation of the wetting and drying processes 
over complex channels (e.g. inner channels with 
less than 20 m diameter). During high tide (Figure 
4B), differences in the predicted water level are up 
to 20 cm in the upper part of the tidal flats. This is 
a direct consequence of the SDB replacement for 
intertidal zones. Which, in this case, means that S2 
predicts a ~10-20 cm lower water level than S1. 
 

 
Figure 3   Model performance at Oruamatua tide gauge. 
(A) Time series of predicted astronomical tide and 
different simulation scenarios. (B) Scatterplot between 
predicted astronomical tide, S1, and S2. 

 
The spatial analysis of our results (Figure 4) 
corroborate previous studies showing that flood 
modelling in estuaries can be highly sensitive to 
bathymetry data quality [4,23] in some areas. In 
this sense, the use of SDB in modelling studies of 
small-scale processes occurred in the tidal flats 
can lead to inappropriate results. However, for 
local-scale water level climate and sea-level rise 
studies, the use of spaceborne derived bathymetry 
can be a possible solution for tackling the lack of 
bathymetric data around the world [15]. 
 
In addition, SDB techniques can be useful to 
improve the waterline-derived estimations from 
multispectral [7,16] and SAR images [19]; to 
calibrate morphodynamic models [20]; and to 
assess the water level/flooding in estuaries with 
complex bathymetry as Tauranga Harbour [7].  
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Figure 4   Water level differences between S1 and S2 in 
a model time step during low tide (A) and high tide (B). 

 
5. Discussion and Conclusion 

 
The Stumpf method for deriving bathymetry for 
shallow intertidal regions did not provide a highly 
accurate prediction of bathymetry, with a negative 
bias on the high intertidal and a positive bias on the 
low intertidal, despite being based on an empirical 
calibration. Other techniques may be more 
appropriate for intertidal zones [2,7]. One of them 
is the waterline method, whose accuracy is not 
affected by light attenuation properties and that 
only depends on the local observed tide and 
waterline definition. 
 
The waterline method has been applied to different 
regions of the globe characterised by macrotidal 
regimes. For instance, along the coast of Great 
Britain, the accuracy of the derived bathymetry is in 
the range of 10-25 cm using Synthetic Aperture 
Radar (SAR) images [17,18]; and 1.5 m at Bengal 
Delta using multispectral images [20]. Another 
possible improvement to the waterline method is to 
use hydrodynamic models to improve accuracy of 
the waterline height, a modification that has been 
widely applied using regional tide models to 
produce regional scale SDB [2,16,19]. 
Nevertheless, the Stumpf-ratio derived bathymetry, 
which can be derived from a single image, can be 
useful when there are insufficient satellite images 

available for the WL method to cover the entire 
extent of the intertidal zone. 
 
A numerical modelling study was performed to 
assess the use of Stumpf-ratio derived bathymetry 
in hydrodynamic modelling, and whether the biases 
in the method created significant errors in water 
level predictions. Different simulation scenarios 
were tested and the results showed that the 
scenario where the SDB replaced a multi-source 
survey bathymetric data has the same level of 
accuracy as the control scenario (using a multi-
source survey bathymetry in all the model domain).  
 
Our findings encourage the combined use of 
spaceborne derived bathymetry with survey 
bathymetry to overcome economically expensive 
acoustic techniques without compromising the 
regional accuracy of numerical modelling, 
especially when applied to remote study areas. 
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Abstract 
 
In 1892 the renowned Engineer in Chief of the Swan River Colony, CY O’Connor, commenced work on the 
Fremantle Harbour. As part of this mammoth project, approximately 10,000,000 tonnes of sand and rock was 
used to nourish Port Beach, located to the north of Fremantle Harbour on the Perth metropolitan coast.  
 
Port Beach is now a popular beach, revered as a surfing and swimming location, and is accessed by locals 
and visitors year-round. Port Beach has also recently become an infamous coastal erosion hotspot.   
  
Erosion of the shoreline has occurred at varying rates since the 1990s. The beach width has reduced 
considerably such that there is currently limited buffer capacity to accommodate storm erosion. Infrastructure 
is now regularly under imminent threat during the winter storm period. This has prompted a strong public 
reaction and media attention. A number of temporary seawalls have been constructed, most recently in 2020, 
which have protected infrastructure from damage, however adjacent land and infrastructure has been lost.   
  
An adaptation options assessment was completed in 2019. The assessment was informed by stakeholder 
engagement and local coastal processes, considered in the context of the 130 year history of coastal 
adaptation at the site.  
  
Sand nourishment via dredging has been selected as the preferred interim adaptation option. The works are 
to provide protection to infrastructure over the short to medium term and improve the beach amenity. Planning 
and design of the nourishment and dredging works is currently underway.   
 
This paper will present the interesting history of how the development of Fremantle Harbour and associated 
works have created an artificial shoreline environment that has been heavily used for recreational purposes. 
This paper will also outline details of the first large scale Western Australian dredging operation for the sole 
purpose of providing a source of beach nourishment, in decades 
 
Keywords: coastal adaptation, sand nourishment, dredging, sediment transport, project management 
 
1. Introduction 
In 2017, the City of Fremantle completed a Coastal 
Hazard Risk Management and Adaptation Plan [5] 
in partnership with the Town of Mosman Park, for 
the Port, Leighton and Mosman Beaches. This 
process included assessing the coastline for the 
risks from coastal hazard impacts and subsequently 
identified Port Beach as being at extreme risk from 
erosion in the short term to 2030. It was 
recommended that adaptation planning, based on 
further engineering feasibility assessments and 
designs, be completed as a priority. 
 
The City of Fremantle (City), on behalf of a broader 
Project Working Team (PWT) that was established 
for Port Beach – including the funding partners 
Department of Transport (DoT) and Fremantle Ports 
(FP) – engaged M P Rogers & Associates (MRA) in 
2018 to provide coastal engineering and community 
and stakeholder engagement services for the 
development of coastal adaptation options at Port 
Beach. Through this process 4 adaptation options 
were considered in a multi-criteria assessment.  The 

highest ranked option was sand nourishment with 
material being sourced from offshore locations. 
 
MRA [9] were subsequently engaged by the City to 
complete detailed investigations for due diligence 
and design of the sand nourishment regime. 
 
In late 2020, the City received $3.25 M of funding 
under the State Government’s WA Recover Plan. 
The funding was for capital works associated with 
implementation of the Port Beach sand nourishment 
project.  
 
Environmental investigations to inform the 
environmental approvals for the works are presently 
underway. Initial capital works are presently 
planned for August 2021 and the dredging and 
nourishment works are presently planned for March 
2022.  
 
The location and history of the site, various 
investigations and path to implementation of this 
project are discussed in this paper.  
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2. Port Beach 
Port Beach is located immediately north of 
Fremantle Port and adjacent to the Rous Head 
Ultimate Extension in Fremantle, Western Australia. 
The location of Port Beach and the coastal context 
is shown in Figure 1. 
  

 
Figure 1 Port Beach Location and Surrounds.  

There is a long and significant history of 
development and man made changes to the 
shoreline at the Port and adjacent areas, including 
Port Beach.  
 
In 1892 the Engineer in Chief of the Swan River 
Colony, CY O’Connor, commenced work on the 
Fremantle Harbour. The construction works 
continued until 1901 and included placement of 
approximately 10,000,000 tonnes of sand and rock 
on the shoreline at Port Beach. Numerous 
construction activities have occurred since 1902 
including dredging, reclamation and placement of 
significant volumes of dredged material either 
directly along the shoreline or immediately adjacent 
to Port Beach in the 1920’s, 1950’s and 1960’s.  
 
To demonstrate the extent of coastal change, 
shoreline alignments mapped from 1901, 1945 and 
2004 are presented in Figure 2. 
 

 
Figure 2 Port Beach Shoreline Position Changes at Rous 
Head & Port Beach Since 1901.  

The beach area was historically reserved for 
‘harbour purposes’ vested to Fremantle Ports. 
However the area was revested to the City in 1995 
as foreshore reserve under the City’s management 
[2]. 
 

Port Beach is a popular beach, revered as a surfing 
and swimming location, and is accessed by locals 
and visitors year-round.  
 
Various previous community values surveys and 
studies identified the high community value of the 
beach [4, 5]. The site is valued by the community in 
terms of amenity, recreation, community facilities, 
entertainment and socialising opportunities, 
employment and economic activities and private 
benefits. 
 
In addition to the community values associated with 
the beach, a number of local level community 
assets managed by the City, including car parks, a 
kiosk and a restaurant, and Port Beach Road, which 
is vested to Main Roads Western Australia are at 
risk from coastal erosion. The location of these 
assets and land tenure details are presented in 
Figure 3. 
 

 
Figure 3 Port Beach Assets & Surrounding Land Tenure.  

Erosion of the shoreline at Port Beach has occurred 
at varying rates since the 1990s. The beach width 
has reduced considerably such that there is 
presently limited buffer to accommodate storm 
erosion. Infrastructure now regularly comes under 
imminent threat during the winter storm period. This 
has recently prompted a strong public reaction and 
media attention. 
 
A timeline of retreat and erosion of the Port Beach 
shoreline is presented in Figure 4. 
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Figure 4 Timeline of Port Beach Erosion.  

A number of coastal structures have been installed 
over the years including a seawall which collapsed 
in 2003, the remnants of which presently remain on 
site, and recent temporary seawalls which have 
protected land and infrastructure from damage. 
However, carpark areas adjacent to temporary 
seawalls have recently been lost.  
 

 
Figure 5 Unprotected Section of Port Beach Car Park 
Undermined due storm erosion during 2020.  

The location and condition of coastal structures 
currently present at Port Beach are presented in 
Figure 6.  
 

 
Figure 6 Port Beach Coastal Protection Structures & 
Condition 

Over recent decades there have been several 
episodes of small rock fragments on Port Beach 
which have caused concern to some beach goers, 
leading to numerous complaints to both the City of 
Fremantle and Fremantle Ports.  
 
Based on the geology of the Fremantle Harbour [1] 
and comparable dredge campaigns in the Inner 
Harbour it is likely that significant amount of rock 
fragments existed within the originally placed 
material and therefore presently exist in the 
nearshore, beach and dune areas of Port Beach. 
This is likely to be the main source of rock fragments 
on the beach. However, there are a number of other 
potential sources of rock [7]. 
 
3. Adaptation Options 
MRA [8] were engaged by the City to provide 
coastal engineering and community and 
stakeholder engagement services for the 
development and assessment of interim term 
coastal adaptation options.  
 
To help manage and achieve the objectives of this 
project, a PWT was established with members from 
the City of Fremantle, Department of Transport and 
Fremantle Ports. The Project Working Team met 
regularly over the course of the project to support 
the community and stakeholder engagement 
process and to provide input into the development 
of potential coastal adaptation options for Port 
Beach. 
 
In consultation with the PWT the following 
adaptation options were developed. 
• Option 1) Retreat the vulnerable assets and 

build a seawall to protect Port Beach Road. 
• Option 2) Protect vulnerable assets and Port 

Beach Road with a seawall.  
• Option 3) Protect by constructing a series 

offshore headlands or groynes.  
• Option 4) Protect with Sand nourishment. 
 
During development of the sand nourishment option 
the idea of placing dredged sand onto Port Beach 
was noted as a potential option by the PWT. This 
option was developed to a concept design level 
whereby dredging of approximately 150,000 m3 
from Fremantle Ports’ Deep Water Channel (DWC) 
and placement onto Port Beach was deemed 
potentially feasible, pending due diligence 
assessments.   
 
Each of these options were assessed via a 
multicriteria analysis through which criteria of 
technical, social, environmental and economic 
criteria were considered.   
 
Social criteria were considered based on provision 
of a beach and active recreation opportunities, 
coastal amenity, carpark amenity, retention of the 
surf club annexe and change rooms, safety for 
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beach users along with entertainment and 
socialising opportunities. 
 

 
Figure 7 Port Beach Coastal Adaptation Options 
Multicriteria Analysis Results 
 
4. Detailed Investigations & Design 
Following the adaptation options assessment, MRA 
[9] were engaged to complete a number of detailed 
investigations for due diligence and design of the 
sand nourishment. This included wave modelling 
and longshore sediment transport modelling.  
 
Wave modelling was completed to investigate the 
impacts of dredging of the DWC on the nearshore 
wave climate. Changes to the DWC dredge 
bathymetry were modelled under a range of 
representative wave conditions over a 3 year 
timeframe.  
 
3-dimensional (X, Y, time) result arrays over the 3 
year timeframe were prepared for both the existing 
and dredged bathymetries.  The result arrays for 
each dredge bathymetry and the model output 
parameters (Hs, Tp, Dir etc.) were subtracted from 
one another to establish difference arrays.  Hs and 
Tp difference arrays for the modelled 3 year 
timeframe are presented in Figure 8. 
 

 
Figure 8 Wave Modelling Difference Arrays  

As shown in Figure 7, the analysis of modelling 
suggested that the proposed modification to the 
DWC would have a negligible impact on the 
nearshore wave climate.  
 
To determine a sediment budget for the Port Beach 
coastal cell, mapped historical vegetation lines were 
reviewed to ascertain an overall rate of change over 

time. Shoreline movement rates were considered 
between 2008 and 2019. This was the most recent 
available information and, given the long history of 
anthropogenic changes to the shoreline, most 
reliable information available. Available survey data 
from 2009 to 2020 was used to determine the active 
height of the beach profile. 
 
In Perth, longshore sediment transport is typically 
towards the north in summer and south in winter.   
The northward transport of sediment in summer is 
driven by the prevailing sea breezes which blow 
from the south-west, creating wind waves at an 
angle to the shoreline.  This transports sediment to 
the north [6].  In winter, severe storms generate 
waves from the north, swinging to the south over 
their duration.  This typically transports sediment to 
the south in winter [6].   
 
From the 2008 to 2019 analysis period, it is 
apparent that, on average, around 5,800 m3 of 
material is lost from the area of the beach adjacent 
to Rous Head annually. The seasonality of this 
dynamic is significant, with approximately 12,000 to 
25,000 m3 of change occurring across the entire of 
Port Beach in this area per season [2]. 
 
Longshore sediment transport modelling was 
completed using the UNIBEST model. The model 
was calibrated to the sediment budget as well as the 
observed shoreline movement trends. 
 
The longshore sediment transport modelling 
showed that variability in the annual wave 
conditions, ie stormy vs calm years, can have a 
large impact on the modelled sediment transport 
rates.  During more mild conditions with more sea 
breeze events and less winter storms, model results 
indicate the transport to the north could increase to 
around 30,000 to 40,000 m3 per year, with little 
returning to the south during winter storms.  During 
more stormy conditions with several severe storm 
events the sediment transport to the north could 
stay relatively constant however quantities returning 
to the south during winter storms could be 
significantly higher, resulting in a net southward 
transport of sediment along the site.   
 
Longshore sediment transport models were run 
using both the existing and dredged bathymetries 
over a variety of conditions. Analyses of the model 
results confirmed that dredging of the DWC would 
essentially have no impact on longshore sediment 
transport dynamics.  
 
The longshore sediment transport model was then 
used to assess the movement of placed sand and 
the potential impacts to the shoreline within the 
Cottesloe Fish Habitat Protection Area – a key 
environmental receptor located approximately 2 km 
north of Port Beach.  
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A longshore sediment transport model to represent 
the base case scenario was developed for a 20 year 
representative period. The modelled sediment 
transport rates aligned well with the observations 
from the 2008 to 2019 period. Additional longshore 
sediment transport model runs were then completed 
based on various sand nourishment scenarios. 
Results from the no action case and the  150,000 m3 
of placement in year 1 scenario (with no back 
passing) are compared in Figure 8. 
 
As shown in Figure 8, the model results indicate that 
under natural conditions an average of 
approximately 6,600 m3 per year of material can be 
expected to accumulate along the Cottesloe Fish 
Habitat Protection Area shoreline over a 20 year 
period.  An average of approximately 6,700 m3 per 
year of accumulation could be expected following 
the placement of 150,000 m3 of sand nourishment 
in year 1. As a result of the modelled outcomes, 
differences in the sedimentation rate of the 
shoreline within the fish habitat protection area were 
deemed to be negligible. Despite this outcome, 
MRA recommended a coastal monitoring campaign 
be completed following placement of the 
nourishment material to confirm the predictions of 
the modelling [9].    
 

 
Figure 9 Modelled 20 Year Sediment Budgets for the No 
Action Case (left) and 150,000 m3 Placement in Year 1 
Scenario (right) 

5. Project Definition 
In late 2020, the City of Fremantle received $3.25 M 
of funding under the State Government’s WA 
Recover Plan. The funding was for capital works 
associated with implementation of the Port Beach 
sand nourishment project.  
 

In early 2021, MRA was engaged to provide project 
management services for delivery of the Port Beach 
Sand Nourishment via Dredging Project.  
 
Key decisions defining the direction of the project 
were adopted early in 2021. This included 
confirmation of the dredge area, dredge depth and 
adoption of a preferred staged approach for the 
works with an initial smaller volume campaign to be 
completed ahead of winter 2021 as a trial followed 
by a larger campaign thereafter.  
 
A pre-referral meeting with the Department of Water 
and Environmental Regulation (DWER) 
Environmental Protection Authority (EPA) Services 
was held in late March 2021 to discuss the proposed 
dredging and nourishment works, due diligence 
investigations, identified key environmental 
receptors and approval pathways for the works. 
 
EPA Services advised that dredging and 
nourishment of an initial smaller volume would be 
supported as a trial. Further, it was advised that 
timeframes for a referral decision would mean that 
an outcome would not be achievable prior to winter 
2021. The option to complete the initial stage of the 
works without EPA referral was discussed and the 
potential risk of a third party review being triggered 
as a result of public complaints to the EPA was 
noted. EPA Services suggested legal advice be 
sought regarding potential implications of the legacy 
of the historical approval of the Deep Water 
Channel capital dredging project from 2009. This 
historical approval was in the form of a Ministerial 
Statement.  
 
Following legal advice, the decision was made to 
complete the full 150,000 m3 scope with no staging 
and with full referral to EPA DWER Services for the 
full scope of dredging and sand nourishment works. 
 
6. Project Implementation 
Various environmental investigations including 
benthic habitat mapping and dredge dispersion 
modelling are presently underway. The results of 
these investigations will form the basis of an 
environmental impact assessment and 
environmental management plans which will 
comprise the project submission to the EPA. 
 
Initial capital works of sand screening and remnant 
seawall removal are presently planned for August 
2021. The purpose of these works is to remove as 
much of the rock fragments as possible, and the 
remnant seawall, from the beach area prior to burial 
with placed sand.  The dredging and nourishment 
works are presently planned for March 2022. 
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7. Summary  
Port Beach is a popular local beach located 
immediately north of Fremantle Port and adjacent to 
the Rous Head Ultimate Extension in Fremantle, 
Western Australia. The beach is of high community 
value in terms of amenity, recreation, community 
facilities and numerous other factors.  
 
The site is considered an artificial shoreline 
environment due to a long and significant history of 
development and man made changes to the beach, 
including initial placement of 10,000,000 tonnes of 
sand and rock during the original construction of 
Fremantle Port from 1892 to 1901 and subsequent 
placement works during 1920’s, 1950’s and 1960’s 
 
Erosion of the shoreline has occurred at varying 
rates since the 1990s. The beach width has reduced 
considerably such that there is currently limited 
buffer capacity to accommodate storm erosion. 
Infrastructure is now under imminent threat, and 
some protection structures are currently present on 
site. However infrastructure and land adjacent to 
protected sections of coast have recently been lost. 
 
The beach area is presently vested as crown 
reserve under the management responsibility of the 
City of Fremantle. Local level community assets 
managed by the City of Fremantle, and Port Beach 
Road (a State Government asset) are presently at 
risk. A Project Working Team including the 
Department of Transport, Fremantle Ports and City 
of Fremantle has been established in recognition of 
the shared responsibility for protection of assets.  
 
Various investigations have been completed which 
have led to the selection and commencement of 
implementation of sand nourishment via dredging to 
provide protection to infrastructure over the short to 
medium term and improve the beach amenity. This 
includes a Coastal Hazard Risk Management and 
Adaptation Plan [5], Adaptation Options 
Assessment [8] and detailed investigations of sand 
nourishment including wave and sediment transport 
modelling for due diligence and design of the 
nourishment works [9].  
 
In late 2020, the City of Fremantle received $3.25 M 
of funding under the State Government’s WA 
Recovery Plan. Various investigations are presently 
underway relevant to environmental approvals for 
the works. Initial capital works are currently 
scheduled for August 2021 and the dredging and 
nourishment works are currently planned for March 
2022. 
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Abstract 
Dredging works to deepen and widen the entrance channel into the Port of Cairns were carried out in 2019 as 
a part of the Cairns Shipping Development Project. During the works,  800,800 m3 of dredging was conducted 
with a Trailing Suction Hopper Dredge (TSHD). The material was pumped via an 8km pipeline into an existing 
water filled void located 5km inland. During the extensive planning and approvals process, detailed 
assessments were made on anticipated capacity required in the void to accommodate the dredge material and 
manage tailwater quality.  
 
The assessments were carried out using BMT’s novel design process for Confined Dredge Material Placement 
Sites. The process incorporates an integrated laboratory testing and numerical modelling approach. The inputs 
included a theoretical dredging program, material placement methodology and receiving placement site 
characteristics. From the planning work, the average placed density of the material immediately after 
completion of dredging was anticipated to be ~320 kg/m3 from an insitu density of 960 kg/m3. 
 
This paper presents the results of a reassessment of the placed density based on the actual dredging program, 
placement methodology, dredged volumes and void characteristics using the same design methodology. The 
reassessed results are compared to the actual placed density as assessed during the dredge material 
placement works, enabling assessment of the efficacy of the design methodology and potential opportunities 
for improvement of the design process to improve the outcomes and accuracy. The review also reflects on the 
challenges of completing these design activities as inputs to achieve environmental approvals prior to 
contracting with a specific dredging contractor and their plant. 
 
Keywords: dredging, confined material disposal, DMCAT. 
 
 
1. Introduction 
Ports North (PN) commenced preparation of an 
Environmental Impact Statement (EIS) for the 
original Cairns Shipping Development (CSD) 
Project in 2012. The CSD project involves 
upgrading existing infrastructure for the Port of 
Cairns to accommodate larger cruise ships, 
including expansion of the existing shipping channel 
and swing basin and upgrades to the existing 
wharves and associated services (Figure 1). The 
initial plans were to dispose of the dredged material 
in an offshore disposal site, located in the Great 
Barrier Reef Marine Park and the Great Barrier Reef 
World Heritage Area. 
 
In June 2015, the Australian Government 
announced that capital dredge material could no 
longer be placed in the Great Barrier Reef Marine 
Park and altered the Great Barrier Reef Marine Park 
Regulations accordingly. Following a rescoping of 
the project, an alternative onshore dredge material 
placement area (DMPA) was selected, with the 
material to be dredged by Trailing Suction Hopper 
Dredge (TSHD). A secondary site, for placement of 
a lower volume of stiff clays dredged by a Backhoe 
Dredge (BHD) was also selected.  
 
Further detailed studies to support the approvals 
processes were commissioned in 2016. These 

studies included early investigations to confirm the 
‘bulking factor’, and early investigations into the 
drying and consolidation behaviour of the placed 
material to inform a possible staged approach to the 
dredging and placement. 
 

 

Figure 1   Layout of the channel dredging and DMPA site  
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The key objective of the assessments was to 
provide an estimation of the required DMPA 
capacity for the proposed dredging program, 
including allowance for the storage of dredged 
material and for the clarification of the supernatant 
water to meet specified concentration limits prior to 
discharge. 
 
For this purpose, a detailed settlement and 
consolidation testing program was conducted by 
BMT, facilitating use of the in-house numerical 
model DMCAT (Green, Couper and Stewart [1]) to 
conduct a series of capacity assessments. 
Additional inputs included a theoretical dredging 
program, material placement methodology and 
receiving placement site characteristics. 
 
At the nominated DMPA, an existing sand mine and 
waste disposal facility on the Barron River delta, this 
feedback assisted in the development of risk 
management measures (silt curtains to partition the 
DMPA), design details for the DMPA (volume 
enhancements including deepening and bund 
construction), and timing/extent of the dredge 
program (managing potential acid sulfate soil 
(PASS)material placement and medium and long-
term consolidation).  
 
Dredging for the CSD project was commenced on 
30/6/2019 by the TSHD Balder and the BHD 
Woomera, and successfully concluded on 
25/9/2019, with all material contained within the 
placement area, and tailwater quality limits met.  
 
This paper provides details of the enacted dredging 
program, a comparison with the results of the 
planning phase, and results of a reassessment of 
the placed density using DMCAT, based on the 
actual dredging program. The results allow 
validation and critique of the design process, and 
point to opportunities for improvement of the design 
process outcomes and accuracy. 
 
1.1 Dredge Planning Phase 
Geotechnical testing of the in-situ material indicated 
the material to be dredged by Trailing Suction 
Hopper Dredger (TSHD) was characterised by ultra-
soft marine clays, of mean dry density 960 kg/m3 
and a coarse material fraction of 12%.  
 
For planning purposes, and as a conservative 
measure, the material was assumed to be 
comprised of 100% fines (particles less than 75 
micron), given the variability of the borehole results. 
 
Initial placement simulations considered the existing 
DMPA geometry linked to additional treatment 
ponds, and indicated that a placed dry density (at 
completion of the dredging campaign) of 300-350 
kg/m3 could be expected, representing a bulking 
factor of ~3. These values are not unusual for ultra-

soft marine clays undergoing self-weight 
consolidation.  
 
To meet the predicted target volume the following 
adjustments to the DMPA site and placement 
program were considered to accommodate the 
planned dredging campaign, the presence of PASS 
material, and final settled material elevations: 
 

•  Further excavation of the DMPA pond to provide 
additional storage capacity (which was occurring 
anyway as a result of the sand mining operations). 

• Addition of bunds around the DMPA pond to 
provide additional storage capacity. 

• Initial water level at in-situ levels (~0m AHD), with 
capacity to raise to 4.9m AHD as dictated 
operationally to manage tailwater turbidity. 

• Positioning of internal silt curtains within the 
placement region. 

• Sufficient consolidation of placed material at 6 and 
18 months post-placement to minimise erosion 
risk during a Barron River flood event in which the 
DMPA pond can be expected to be inundated.  

 
Results of the final planning phase capacity 
assessment are provided in Figure 2 in the form of 
tailwater sediment concentrations over the duration 
of the dredge campaign. 
 
The results indicated the revised storage volume of 
3.2 x in-situ volume, would accommodate the 
placed material, and provide sufficient ponding 
water for supernatant clarification. However, the 
results also indicated the possibility of intermittent 
exceedances of the approved turbidity limit (100 
mg/L) at the outfall, requiring active monitoring and 
tailwater management in practice.  
 

 

Figure 2   Time series of outfall concentration  

 
1.2 Enacted Dredging and DMPA Campaign 
 
The dredging campaign was successfully 
conducted in the planned window, utilising longer 
but less frequent dredging cycles with a higher 
average slurry concentration (Table 1).  
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Table 1   Planned and Enacted Dredging Campaigns and 
Assumed/Measured Inflow Characteristics  

Parameter Planned* Enacted** 

Insitu Dry Density (t/m3) 0.96 0.96 

Percentage Coarse (>75 
μm) 

0.0% 12% 

Percentage Fines (< 75 
μm) 

100.0% 88% 

Average Production Rate 
(insitu m3/hr) 

438 288 

Avg. Slurry Solids 
Volume Concentration 

5.6% 7.6% 

Avg. Pumping Cycle 
Duration (hrs) 

1.37 1.94 

Number of Dredge 
Cycles 

295 325 

Campaign Duration 
(days) 

84 84 

 
The placement process was monitored, with 
collected data including the following: 
 

• Turbidity monitoring in proximity to the TSHD 
dredge head 

• Tailwater flow rate and sediment concentration 

• Dredging operational breakdown (dredging, 
sailing, pumping) 

• Pond water levels 

• Density profiles at 9 locations throughout the pond 
(Figure 3).  

 
Silt curtains were installed in the DMPA as indicated 
in Figure 3, providing partitioning of the pond into 3 
regions. The satellite photo indicates the 
development of turbidity within the first region, and 
the successful filtration effect of the silt curtain. The 
silt curtains were removed at day 52 of the 
campaign due to fines encasement. 
 

 

Figure 3  Satellite photo of the DMPA at day 35 (of 84) of 
the dredge program, site layout annotated. Profile 
sampling points indicated. 

 
2. Methodology  
2.1 Characterisation of Material Placement 
Profile sampling at the DMPA site was conducted at 
9 separate locations across the pond, using time 
domain reflectometry, a novel sampling 
methodology which is currently under development 
at The University of Queensland. Sampling was 
conducted by the Geotechnical Engineering Centre 
at the university. 
 
Profile results are indicated in Figure 4. The density 
profiles clearly indicate the presence of a deep fluid 
mud layer undergoing self-weight consolidation, 
with the depth of the density bands increasing with 
length of the flow pathway from intake (Site 9) to 
outfall (Site 1).  
 
Site 4 appears to have a different character – 
however, this site is relatively shallow and 
additionally was located close to Silt Curtain 2, and 
the results possibly reflect sediment accumulation 
at the inside face which subsequently led to 
submergence of the curtain. 
 

 

Figure 4   Profile plots of dry density at 84 days after start 
of placement 

2.2 DMCAT 
2.2.1 General 
The BMT settlement and consolidation model is a 
numerical framework for the settling and 
consolidation of bi-disperse suspensions, further 
details on the model particulars can be found in 
Green, Couper and Stewart [1]. In summary, the 
model consists of a vertical 1-D numerical model for 
the settling and consolidation of suspensions 
(equation 1) as rendered by Winterwerp and Van 
Kesteren [2], coupled to a quasi 1-D steady 
horizontal flow model. 
 

𝜕𝜙𝑝

𝜕𝑡
=

𝜕

𝜕𝑧
[𝑊𝑠𝜙𝑝 + (𝐷𝑠 + Γ𝑇 + Γ𝑐)

𝜕𝜙𝑝

𝜕𝑧
] (1) 
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where 𝜙𝑝 is the volumetric primary particle 

concentration, Ws is a settling function, 𝐷𝑠 is the 

molecular diffusion coefficient, Γ𝑇 is the eddy 

diffusivity, and Γ𝑐 is the diffusion relating to physical 
processes within the suspension (namely, primary 
consolidation and fluid mud settling). Inputs consist 
of the placement area geometry, a time history of 
the inflow characteristics (i.e. flow rate and 
sediment concentrations), and calibrated sediment 
settling and diffusion parameters (calibrated using 
the laboratory test results). The model returns the 
expected concentration and composition of the 
placed material and the outflow material. The 
corresponding key performance output parameters 
are the dry density of the placed material at the 
completion of the dredging campaign, and the 
suspended sediment concentration in the 
supernatant outflow. 
 
The 1DV model is directly applicable to simulating 
settling column sedimentation/consolidation tests. A 
calibration process is required to tune the closure 
relationship parameters to match simulations to test 
results. A nonlinear least squares approach is 
applied, fitting convective and diffusive parameters. 
 
 
 

2.2.2 Inputs – Material Characterisation 
 
BMT designed a testing program, conducted 
following the Draft EIS phase, to assess the 
dredged material settling and consolidation 
behaviour across a wide range of soil 
concentrations, utilising a range of laboratory 
testing methods, including: 

• Soil and Water Characterisation Tests – Soil: 
particle density, Atterberg Limits, Particle Size 
Distribution (PSD), and Organic Content. 
Water – density, pH, conductivity, major 
cations and anions, total dissolved solids 
(TDS), and total suspended solids (TSS). 

• Standard Settling Column (SC) Tests – 
Interface height and turbidity readings. 

• Large Settling Column (LC) Tests – Interface 
height, turbidity readings, and settled soil 
density and PSD profile.  

• Slurry Consolidometer Tests – height, applied 
force, pore pressure readings over test 
duration, and settled soil density profile. 

 
The overall laboratory testing plan (Figure 5) was 
designed to clarify the constitutive relations involved 
in predicting short (approximately two months) and 
longer term placed densities under self-weight 
loading, as well as suspended solid concentrations 
in the supernatant (see Figure 6 – Small Column 
tests). 

 

 

Figure 5   Schematic of laboratory testing program 
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Figure 6   Development of supernatant in Standard 
Column test series at 1hr. Nomenclature – SC-XX refers 
to an initial homogenous slurry concentration of XX kg/m3. 

Further, two different soft clay units were present 
within the dredge footprint; the test program was 
designed to characterise these differences if 
present (Figure 5). 
 
Differences in sedimentation/consolidation between 
the two soft clay units were marginal, and the results 
from the material with the slower settlement rate 
were taken forward for calibration of the numerical 
model, providing an additional layer of 
conservatism.  
 
Convective (settling velocity) and diffusive 
parameters were fit to reproduce the test 
behaviours. Comparison of final settled profile 
density distribution for the Large Column tests is 
provided in Figure 7.  

 
 

 

Figure 6   Final dry density profiles at completion of Large 
Column (top) and Slurry Consolidometer (bottom) tests, 

compared with simulated density profiles (using 
calibrated material parameters) 

2.2.3 Inputs – Geometry 
DMCAT employs a subdivision of the DMPA into 
discrete cells, with each cell described as a 
rectangular prism with a width, length and height. 
The objective of the division is to capture the flow 
path with sufficient accuracy (as per historical 
approach with programs such as HEC-RAS). An 
approximation to the flow path can be obtained by 
ignoring the momentum of the fluid and treating the 
fluid transport as a purely diffusive process. Figure 
8 indicates the results of a diffusion analysis of the 
reclamation plan area, with a unit difference in 
potential applied between the inlet and outlet, and 
zero flux applied over the remainder of the 
boundary.  

 

Figure 7   Discretisation of DMPA vs DMCAT Simulation 
Geometry (Final Enacted Geometry) – pond depth 
indicated by contour 

The subdivision into cells is achieved by adjusting 
equipotential lines to produce a specified number of 
equal areas – 12 in this case. The central streamline 
is then used to calculate the flow path length within 
each cell, and hence an average cell width. An 
average cell depth is obtained using the site DTM. 
 
Profile sampling locations are indicated on the plan 
view in Figure 8 for reference. 
 
2.2.4 Inputs - Dredge Inflows and Outflows 
A DMPA inflow time series was produced using 
recorded pumping durations from the inflow line, 
material quantities assessed from pre and post-
dredge survey, and an assumed constant pumping 
rate of 4600 m3/hr. Reported Hopper load volumes 
per cycle were scaled to match the survey volume 
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difference, with the assessed quantity of dispersed 
fine sediment subtracted.  
 
Water levels within the pond over the duration were 
also recorded and input directly to DMCAT (Figure 
9). There was some minor misalignment of 
estimated and measured water levels, attributed to 
groundwater flows. 

 

Figure 8   Time series of flow volumes from individual 
dredge cycles and cumulative totals (top); time series of 
measured pond water levels (bottom). 

 
2.2.5 Silt Curtains 
Silt curtains were implemented within the model at 
the start of the dredge campaign and withdrawn 
from the model on 21/8/2019 (52 days). Silt curtains 
were implemented in the model as a weir preventing 
sediment passage up to an elevation of 1m below 
water level. 
 
2.2.6 Modelling 
The dredge inflow and water level inputs detailed 
above were applied to the enacted simulation, 
without representation of the ambient wind. 
Previous work (Couper and Webb [2]) has 
suggested wind conditions are likely to be quite 
important to re-suspension and enhanced vertical 
mixing of the supernatant – for this simulation, 
vertical diffusion of the upper layers was restricted 
to the default value (no wind), noting no wind events 
were recorded during the placement. 
 
3. Results 
3.1 General 
The simulation of the enacted placement 
reproduces key observations from the campaign: 
 

1. Silt Curtains – flooding of the second silt curtain 
with sediment is assessed approximately as the 
time point at which there is significant spillover of 
material into Cell 9, the next cell downstream of 
Silt Curtain 2. This occurs at approximately 53 
days, which aligns well with the withdrawal time 
of 52 days.  

2. Figure 10 illustrates the convergence of 
supernatant exceeding the 100mg/l limit at the 

outflow, near the end of the dredge campaign 
(84 days). In reality the water level was adjusted 
as required to avoid tailwater releases 
exceeding the threshold – so the convergence 
illustrates the model is able to reproduce this key 
characteristic of the reclamation behaviour.  

 

Figure 9   Progressive placed mass, storage volume, and 
proportions of material in the disposal site for the 
simulated enacted placement. The gray is clean 
supernatant while the light blue is beyond the 100mg/l 
limit but still of concentration less than fluid mud. Light 
yellow is fluid mud while dark yellow and brown are self-
weight consolidating mud. 

 
3.2 Comparison with Site Survey (4/10/2019) 
Results of the simulation were compared with 
measured density profiles at the 9 locations (Figure 
11). The modelled profiles show good 
correspondence to the measured profiles, 
reproducing the densities beneath the pycnocline, 
the trend of decreasing profile density from intake to 
outfall, and the downwards movement of the 
pycnocline towards the last three locations. 
 
A comparison of the placement-wide density 
distribution was assessed as follows for both 
measured and modelled data: 

1. For a nominated density value, the height of 
material of lower density was assessed for 
each site. 

2. Equivalent cell-centred heights (for each of 
the 12 cells) were calculated using 
gaussian kernels to establish partition of 
unity (distribution from site locations to cell-
centred locations).  

3. Total volume in DMPA estimated to be of 
lower density than the nominated density 
value was calculated and divided by total 
DMPA volume to establish a volume ratio. 

 
The results are provided in Figure 12 and illustrate 
a good correspondence between the measured and 
modelled density distributions (< 400 kg/m3). Above 
the value of 400 kg/m3, the instrumentation 
struggled to collect consistent data, which may be 
attributed to the difficulty in resolving a high-gradient 
pycnocline near the advancing consolidation line. 
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Figure 10   Measured (orange) vs Modelled (cyan) density profiles (kg/m3) at 9 locations spanning the DMPA. Flow 
direction is from right to left – black lines indicate surveyed bed depth. 

 

 

Figure 11  Proportion of DMPA volume less than stated 
Dry Density  

The results do however point to a tendency for the 
simulation to assert a stronger pycnocline at the 
base of the supernatant than is observed in the field. 
This is likely associated with wind driven and 
density driven flows producing additional turbulence 
and diffusivity than that encapsulated in the current 
1DV DMCAT formulation. 
 
Overall, the simulated enacted dredge placement 
dry density is quite similar to that estimated during 
the planning phase (Table 2), being a little higher, 
mainly reflecting the presence of a coarse sediment 
fraction in the placed material (assumed to be zero 
in the planning phase). 

Table 2   Summary parameters for simulated dredging 
campaigns 

Model 
Designation 

Avg. Placed Dry Density, end of 
dredging campaign (kg/m3) 

Planning 
Phase (Final) 

330 kg/m3 

Enacted_01* 358 kg/m3 

* Coarse fraction increase to 12% in Enacted simulation 

 

 
3.3 Tailwater  

 

Figure 12  Modelled tailwater concentration time series 
(bottom); modelled ‘placed’ dry density in DMPA (top) 

Tailwater concentrations from the simulation tend 
towards the 50 mg/l range in the simulation (Figure 
13), towards the completion of the dredge program, 
similar to the levels observed on site. However, the 
observed background level of TSS (~10mg/l) is not 
accounted for in the simulation, and is likely related 
to the enhanced thickness of the supernatant 
interface/pycnocline related to wind and density 
driven currents, as discussed above. Modelled 
tailwater concentrations beyond 84 days do not 
reflect the tailwater management practice applied at 
the outflow, which is of sub-grid scale. 
 
4. Discussion 
This paper presented a hindcast simulation of the 
enacted dredge program and contained material 
placement for the CSD project using the in-house 
BMT numerical tool DMCAT, and a comparison to 
collected data and observations over the course of 
the placement. The results confirm the usefulness 
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of the BMT design process for DMPA design, with 
key observations validating the modelling results 
(fluid mud flooding of intermediate weirs; timing of 
tailwater TSS spiking; distribution and density 
profile of consolidated mud through the placement).  
 
Overall, the results illustrate the efficacy of the 
methodology, and point to its beneficial involvement 
in the optioneering process, where multiple 
constraints can make process selection difficult and 
speculative. 
 
The results do suggest some further 
parameterisation of the supernatant pycnocline and 
wind/density driven flows will improve density profile 
prediction in the upper layers, and concomitantly, 
TSS predictions in the tailwater. This will be 
reviewed in future DMCAT development.  
 
Data capture on site is critical to elucidating the 
details of an enacted dredge program – the density 
profiling technique for the DMPA provides an 
additional point of truth for assessing the in-
placement settlement and consolidation behaviour, 
and could be deployed during early stages of the 
dredge program to confirm expected behaviours, or 
alternatively to provide advanced warning of 
problems that may develop later in the placement. 
 
The settlement and consolidation testing regime 
employed on this project was relatively involved, 
providing coverage of settlement and consolidation 
processes over a broad range of physical 
processes. BMT have modified the process on 
subsequent projects to reduce the scope of testing 
by leveraging some of the legacy knowledge 
(settlement and consolidation parameterisation) 
from this project and focussing on tests which relate 
to the physical process of interest (for example, 
conducting a singular Large Column test focussing 
on capture of the self-weight consolidation 
behaviour). This is particularly the case for smaller 
scale projects at earlier (concept level) project 
phases. 
 
5. Conclusion  
 
The CSD project had unique design and 
environmental constraints on the sizing of the 
DMPA. Due to the risks of flooding from the Barron 
River these impacts were both direct on the pond 
and the bund height, and indirect in terms of 
potential to influence flood levels on adjacent 
properties if the bunds around the DMPA were too 
high, or unable to be removed before the start of the 
wet season. The use of the numerical tool allowed 
for a systematic, rapid and reproducible approach to 
support the disposal site design optimisation based 
on an assessment of intrinsic dredged material 
characteristics, dredge programs and dredge 
volumes. 
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Abstract 

Following the 2010-2011 Canterbury earthquake sequence, large cruise vessels have been unable to berth at 
Lyttelton Port of Christchurch (LPC). LPC undertook a project to construct a port-of-call cruise berth capable 
of mooring ultra-large cruise vessels. This paper focuses on the design of the berth to accommodate the 
operations and loadings from Oasis of the Seas and other cruise vessels. 

The site selection, design of the wharf and marine structures and role of early contractor involvement (ECI) 
will be explained including the design of the enabling works at the existing Eastern Mole reclamation fill to 
mitigate the effect of construction loadings and instability of the slope during dredging of the revetment profile. 

The berth is located on the eastern side of the inner harbour entrance, adjacent to the Cashin Quay container 
berth. The project includes a seismically resilient 148m long by 10m wide berth apron connected by 22m wide 
by 30m long landspans at either end. Challenging ground conditions mean that the supporting tubular piles 
are up to 70m long. Land based 150 tonne bollards have been provided in lieu of traditional mooring dolphins. 
The port is subject to long period waves which were modelled in the mooring analyses to assess the effects 
on berthed cruise vessel operations. The paper also describes the berth’s scour protection and utilisation of 
full bridge simulator modelling to estimate jet velocities and directions from Oasis of the Seas’ bow thrusters 
and stern azipods, and how these velocities were utilised to estimate scour and hydrodynamic drag loading 
on the berth piles. 

The landside and temporary works began in July 2018 and permanent works construction achieved practical 
completion in October 2020. 

Keywords: Port Engineering, Maritime Engineering, Seismic, Cruise. 

1. Introduction
Following the 2010-2011 Canterbury earthquake
sequence, large cruise vessels were unable to berth
at Lyttelton, Port of Christchurch (LPC), instead
anchoring 80km away at Akaroa and tendering
passengers ashore. Christchurch City Council
(which, through its holding company CCHL, owns
LPC) has a strong desire for large cruise vessels to
return to Lyttelton.

LPC engaged Beca to identify a suitable site and 
design a port-of-call cruise berth capable of mooring 
the latest ultra-large cruise vessels, with either no or 
minimal impact to existing operations. 

The design vessel for the cruise berth is the Oasis 
of the Seas, which is currently the largest cruise 
vessel in operation globally, and a range of 
alternative trades including; car carriers, reefer and 
fishing vessels. 

2. Site Selection
During the development of the Lyttelton Port
Recovery Plan [4] published in 2015, two alternative
locations for a new cruise berth at Lyttelton were
identified: Naval Point and Gladstone Pier.

However, further investigation revealed that neither 
option was considered feasible. The Naval Point 
option faced significant consenting challenges, due 
to its proximity to onshore petroleum storage 
facilities. The Gladstone Pier option required 
significant capital expenditure due to the extensive 
damage sustained in the earthquakes rendering the 
structure unsafe. Development of this areas was 
expected to result in several highly undesirable 
knock-on effects to future port operations, including 
increased congestion as the adjacent No. 2 wharf 
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would be unavailable when Gladstone Pier was 
occupied.  

A subsequent preliminary option review was 
conducted in 2016 which identified seven 
alternative options located around Te Awaparahi 
Bay, Cashin Quay Breakwater, Cashin Quay and 
Gladstone Pier [3].  

A high-level comparative evaluation was 
undertaken of the alternative options that 
considered operations parameters including 
handling and navigation, impacts on marine and 
landside operations together with technical 
complexity covering geotechnical, structural, 
constructability, programme and consenting 
constraints. Each option was assessed using a 
‘traffic light’ system, i.e. green being the most 
favourable and red the least favourable. 

These conclusions were submitted to LPC and 
combined with the outcomes of their in-house Multi-
Criteria Analysis, resulting in a direction to further 
develop options to the area west of Cashin Quay 
and south of the eastern mole. 
Further initial design development combined with 
feedback from the LPC Marine Operations team 
identified a preferred option that afforded the least 
impact on Cashin Quay 4 and on current and future 
LPC operations. 

3. Gladstone Quay Demolition and Eastern
Revetment

The eastern side of the inner harbour was the site 
of Gladstone Quay, a timber wharf that had been 
built in several sections in the early 1900s and was 
a declared heritage structure.  While of limited 
capacity for cargo, prior to the earthquake it was 
used to berth small and medium cruise ships.  The 
damage resulting from the earthquake was such 
that it was declared unsafe for even pedestrian 
traffic. 

Figure 2 - Earthquake damage to Gladstone Quay 

As the berth was too short for use for the larger 
cruise ships calling at Lyttelton, LPC decided to 
demolish the quay.  A demolition methodology was 
developed that focused on safety while also 

allowing for collection of selected historical artifacts. 
The plan also took into account the possible 
presence of termites, as the wharf was one of the 
few recorded sites with termites in New Zealand.   
A design was also prepared for the replacement 
rock revetment, which was installed concurrently as 
the structure was removed, to minimise the risk of 
erosion during storm events. 

4. Stakeholder Engagement
An optioneering phase was undertaken in 2017 to
develop a cost-effective cruise berth concept which
met the operational requirements of LPC and the
cruise industry technical advisory group (TAG) that
consisted of representatives from:

• Royal Caribbean (Cruise operator)
• Carnival (Cruise operator).
• ISS-McKay Limited (Port Agency)
• LPC
• Beca

The TAG forum was established to enable LPC’s 
project team to understand the functional 
requirements of the Cruise industry with respect to 
the waterside and landside facilities that LPC will 
provide as part of the Cruise Berth Project. The 
objectives of the group were: 

• To enable the Cruise industry TAG
members to provide feedback on the
Concept Design for the project.

• To provide a forum for the design solution
from the LPC Design Team to be reviewed
and agreed as an accurate reflection of the
users’ needs.

• To ensure that each Cruise industry TAG
member is responsible for ensuring that the
operational needs of their organisation are
reflected in the design solution provided.

From the TAG forum,  the cruise industry articulated 
that the ability to carry out provisioning activities for 
the vessels at berth would be desirable, since if poor 
weather prevent a scheduled port visit the ability to 
provide an alternative provisioning location would 
be very beneficial. This was a function not originally 
required due to the ‘port of call’ role of the wharf 
rather than being a port of embarkation. A diverse 
sample group of cruise ships, varying in size, was 
assessed to understand the location of 
stores/rubbish doors and the location of water 
connection points on the vessel for potable water. 
The location of passenger embarkation doors was 
also checked during this process. LPC require 
vessels to berth port side to the berth, with the bow 
facing east towards the channel, therefore the port 
side harbour interfaces were assessed. 

The assessment found that all the vessels could 
access their water intake points and had multiple 
provisioning doors available. For the larger vessels 
the provisioning doors closest to the stern and bow 
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were typically unavailable. All passenger 
embarkation doors for all vessels were available for 
use. 

In addition, direct liaison with the Port Captains of 
Royal Caribbean was undertaken when specific 
information relating to the design vessel Oasis of 
the Seas or an operability review was required. An 
outcome of a review by the Port Captains that was 
actioned was a request that the fender line be set a 
minimum of 2m from the seaward edge of the wharf 
to maintain a clear distance in order that 
provisioning doors could be accessed. 

An additional consideration in locating the cruise 
berth were the defined boundaries for port activities. 
There was a strong preference from LPC that the 
physical works be contained within the line of 
permitted port activities to significantly streamline 
the consenting process for the works. 

5. Design
The original favoured concept comprised a 184m
long suspended wharf structure in line with the
existing Cashin Quay container berth, a land-based
mooring dolphin to the east of the wharf, two in-line
berthing dolphins and two off-line mooring dolphins
to the west [2].

The wharf structure comprised precast beams 
supported on variable diameter piles and an insitu 
topping deck slab. Lateral load resistance for 
mooring, berthing and seismic actions was provided 
by a combination of 900mm diameter piles in 
conjunction with tie-backs at the eastern end of the 
wharf, and by a cluster of 1200mm diameter piles at 
the western end.  

Marine berthing and mooring dolphins each 
comprised a 1500mm thick insitu concrete deck 
supported on 1500mm diameter piles to resist the 
combined effects of berthing, mooring or thruster jet 
velocity induced loads on piles from the azimuthing 
propellors (azipods) of the vessel.  

A series of optioneering and risk review workshops 
held in consideration of the favoured concept were 
undertaken with LPC and the ECI Contractor which 
identified a number of key design drivers, critical to 
the continuation of the project. The primary key 
driver was minimising capital costs, among the 
following:  
• Wharf geometry; minimising the footprint of the

wharf to reduce construction costs.
• Construction acoustics: to mitigate the

disturbance to dolphins and other marine
mammals during piling, pile driving was to be
limited to 900mm diameter piles or less.

• Scour and drag loads from thruster jet
velocities: to minimise the cost of pile
construction and mitigate the effects of scour,

marine infrastructure was to be located away 
from zones which would be affected by thruster 
jet velocity induced loads, where practicable. 

• Construction efficiency: travelling forms were
required to be used to minimise construction
costs.

• Durability: to minimise long term durability
issues an insitu flat slab wharf deck was
preferred.

• Operational and infrastructure amalgamation:
the wharf was to be configured to most likely
ship movements to maximise efficiency of the
structure (i.e. lateral load resisted by land-
based structure).

• Operational seismic resilience: in addition to
meeting code requirements for the wharf, it was
preferred to ascertain that access to and from
the wharf would be maintained following
damage to the eastern mole.

In response to the key design drivers the concept 
was further developed and a new geometric 
concept was selected to be carried through to 
detailed design – refer Figure 3 below. 

Figure 3 – Conceptual Cruise Berth Rendering 

The final concept included: 
• A suspended wharf deck comprising a 148m

long by 10m wide berth apron with two 22m
wide by 40m long landspans,

• 900mm steel tubular wharf piles with reinforced
concrete infill over their upper extents on a 6m
x 9m typical grid.

• Variable thickness cast insitu deck slab
• Lateral restraint structures behind each

landspan comprising 900mm diameter steel
tubular piles with capping beams and tie bars
connected to the each landspan.

• Two land-based mooring structures each
comprising 2 rows of 900mm diameter steel
tubular piles with capping beams tied together
with tie bars.

The design adopted the use of steel tubular piles, 
driven into the underlying Lyttelton Volcanic Rock 
Group (located at approx. -60 to -65mCD) to resist 
vertical loads from the suspended wharf deck and 
horizontal loads from berthing operations. Pile 
diameters were limited to 900mm diameter to 
mitigate the adverse effects on marine mammals 
from acoustics during driving. Piles were detailed 
with a reinforced infill over their upper extents to 
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allow a rigid connection to the wharf deck whilst also 
providing separation between the steel tube and the 
deck soffit, alleviating potential adverse effects on 
durability of the deck soffit due to pile corrosion.  

In consultation with the ECI Contractor, it was 
agreed that piles would be supplied as API Linepipe 
which was preferred due to availability and cost. 
Due to the material properties of API Linepipe, it 
was evident that the piles may not be able to 
withstand the ductility demands which may be 
imposed during the design earthquake event. To 
minimise the stress on the steel piles to a level 
consistent with their properties, the reinforced 
concrete infill was extended to a depth below which 
the steel piles could remain elastic, unassisted by 
the reinforced concrete infill. 

By limiting the reliance on the structural steel piles 
over their upper extents, the design was able to 
accommodate a sacrificial corrosion loss of the 
exposed steel surface over the 100-year design life. 
The corrosion rates adopted considered those 
recommended in New Zealand standards of the 
time and site-specific corrosion rates provided by 
LPC. This utilised the RC infill where the corrosion 
potential is the greatest at the top of the pile, and 
the bare steel pile alone below the RC infill where 
the corrosion potential is the lowest. This mitigated 
the need for additional pile corrosion protection 
which is commonly used on similar suspended 
berths.  

Structural efficiency was additionally increased with 
the adoption of a piled lateral restraint structure, 
constructed within the eastern mole behind each 
landspan which provided restraint to the wharf in 
both the landward and seaward directions. Each 
structure comprises a series of 900mm diameter 
piles, approximately 15m long, driven into the 
eastern mole and connected with a reinforced 
concrete capping beam. Each capping beam is tied 
to the landspan with steel tie-backs and supports a 
suspended abutment bridge which connects the 
landspan to the restraint structure. 

Lateral loads in the lateral direction resulting from 
berthing and seismic actions are transferred 
through the abutment bridge to the lateral restraint 
structure. Likewise, seaward loads from mooring or 
seismic actions are transferred through the tie-
backs.  

A berthing assessment was undertaken to 
determine the likely berthing scenarios and 
associated jet velocities from thrusters/azimuthing 
propulsors. In consideration of the hull shape of the 
design vessel, the analysis demonstrated that 
quarter point berthing along the length of the wharf 
was likely and could engage three fenders. The two 
fenders at either extreme ends of the wharf were 

identified as having the potential to be engaged in a 
third point berthing scenario.  

In consultation with the TAG the berth apron width 
was minimised and set at 10m, providing allowance 
for the safe alighting of passengers on arrival and 
departure of the vessel and multiple vehicles 
undertaking provisioning activities for the vessel 
during the day. Additionally, primary mooring 
bollards were located on land-based mooring 
structures, thereby minimising marine structure 
susceptibility to forces induced from thruster jet 
velocities.  

To further limit the loads on wharf piles, larger Super 
Cone (SCN) fenders which resist third point berthing 
energy were located in line with landspans and 
land-based lateral restraint structures to direct large 
berthing forces directly to land. Additional fenders of 
the same size but with a rubber grade specified for 
quarter point berthing energy were located along 
the berth apron. 

4 below. 
This reduced the size of the concrete fender panels 
and minimised the eccentric load on the wharf deck, 
reducing flexural demand. 

Figure 4 – Section though typical fender and fender panel 

To mitigate potential health and safety risks during 
construction, and potential technical/quality issues 
associated with the standard codified solution of 
water curing the insitu concrete deck soffit, LPC 
directly engaged a durability consultant to confirm 
concrete mix design and cover requirements which 
demonstrated that the 100-year durability 
requirements of the wharf deck could be met by 
curing within sealed formwork alone, without 
additional water curing being undertaken. 

The seismic design requirements of the berth were 
adopted in accordance with ASCE/COPRI 61-14 [1] 
which required the structure meet or exceed the 
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requirements for three levels of earthquake event: 
operating level earthquake (OLE), contingency level 
earthquake (CLE) and design earthquake (DE), for 
which the performance requirements of the 
structure are limited damage, controlled and 
repairable damage, and life safety respectively. 
These requirements for the wharf structure were 
met by limiting inelastic demand in the structure to 
the tops of RC pile infill sections which are 
accessible and can be repaired following an 
earthquake event. 

Consideration was given to the performance of the 
eastern mole where extensive lateral spreading, 
settlement and damage could be expected. Whilst 
damage to land-based structures could be 
addressed with ease of access, the compatibility of 
the wharf’s performance and land-based structures’ 
performance needed to be considered. With wharf 
piles founded at depth (-65mCD) and lateral 
restraint structure piles founded at -10mCD, 
differential settlements/displacements between the 
wharf and land-based structures could limit 
access/egress from the wharf. Abutment bridge 
structures were therefore designed to articulate and 
accommodate differential settlements between the 
lateral restraint structures and the wharf landspans. 

6. Mooring Analyses
A comprehensive mooring analysis was carried out
using Optimoor to confirm the mooring loads to the
wharf and land-based mooring structure. This
included wind, wave and current loads acting on the
vessel.

The following mooring configurations were 
considered: 
• Oasis Class cruise vessel (361.m long) berthed

at the wharf.
Alternative vessel types; 
• Car Carrier (up to 200m long) berthed at the

wharf.
• Reefer vessel (up to 134m long) berthed at the

wharf.
• Two fishing vessels (up to 105m long) berthed at

the same time.

Further vessels were later analysed to check the 
bollard arrangement could adequately cater for a 
mix of ship sizes, including: 
• Quantum Class cruise vessel (348m long).
• Celebrity Solstice (317m long)
• Pacific Jewel (246m long)
• Seaborne Odyssey Cruise vessel (198m long)
• HMNZS Canterbury (131m long multi role naval

vessel).

The Oasis Class vessels have twelve mooring lines 
fore and twelve mooring lines aft. Seven 150t 
bollards are provided on the western landside 
mooring structure, whilst nine 150t bollards are 

provided on the eastern landside mooring structure, 
each located along the front capping beams to allow 
for mooring of the Oasis Class design vessel. 

Figure 5 – Mooring diagram of the Oasis Class vessel at 
the berth from the mooring analysis. 

The land based mooring structures have been 
designed for the mooring loads determined for bow, 
stern and breast lines of the design vessel (Oasis 
Class) when subject to a 45kt wind speed.  

The operational ‘clear berth’ limit for the Oasis class 
is 30knots (15.4m/s). A 1.5 factor of safety was 
applied to account for stronger than expected wind 
speeds and the wind speed was converted to a 30 
second gust. This equates to a directionless design 
wind speed of 45 knots (23.2m/s) (equivalent to a 7 
year ARI event in accordance with NZS 1170-
2:2011 for category 2 terrain conditions [7]). 

To accommodate the smaller, more frequent cruise 
vessels visiting Lyttelton, any combination of 150t 
bollards located on the landside mooring structures 
may be utilised and, in addition 150t bollards have 
been provided at 18m centres along the berth face 
of the main wharf. 

The wharf structure has been designed for a 
mooring load determined from mooring analysis for 
a 130m LOA vessel with a 45 knots wind speed, 
considered to be the largest vessel which could 
practically utilise the wharf bollards solely. All 
structures were also checked for the effects of a 
single bollard loaded to its factored SWL. Local 
bollard to deck connections are designed for the 
factored bollard SWL. 

7. Scour and Hydrodynamic Drag Loading

7.1 Scour Assessment and Protection 
The powerful propulsion systems fitted to large 
cruise vessels can be very damaging to the coastal 
environment when manoeuvring or docking occurs. 

To better understand the likelihood and extent of 
scour induced by vessels a navigation simulation 
study [5] was undertaken to assess the power 
usage of the vessel’s main propellers and lateral 
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bow thrusters, along with the duration and direction 
of thrust during arrival and departure operations.  

It was identified that departure operations combined 
with the clear berth wind speed of 30knots was the 
worst design case. This was because it was 
necessary to overcome the initial inertia of the 
vessel, in addition to any external forces such as 
wind and current when in close proximity to the 
wharf structure, and were expected to require the 
highest ship propulsion power demand and hence 
the greatest risk of scour. Operational controls on 
the use of ship thrusters were identified as being 
essential for minimising the requirement for regular 
maintenance of the scour protection structure.  

To establish the likely manoeuvring strategies for 
approach and departure from the berth a number of 
additional real time simulation runs were carried out. 
In total ten scenarios were simulated for the design 
vessel. 

The use of tugs was found to be an effective means 
of reducing the required thrust from both the 
vessel’s main propulsion and the bow thrusters for 
both departure and arrival manoeuvres.  

The use of bow thrusters was recommended to be 
limited to a minimum and not to exceed 46% 
continuous use of power when maintaining a 
distance measured from the vessel shaft line to the 
bottom of the revetment slope of approximately 
100m. 

Figure 6– Image from full bridge simulation model 
(Source: [5]) 

The concept design for the scour protection was 
initially a traditional multi layered rock flexible 
revetment, however the primary rock armour 
dimensions for hydraulic stability were approaching 
the limit of project feasibility in terms of size, and 
locally available quarry material was cost prohibitive 
to the project budget. 

An innovative alternative scour protection solution 
using rock bags was therefore investigated for use 
at the cruise berth. The rock bags were initially 
selected as they maintained a flexible structure but 
can be pattern placed at a low thickness over a filter 

fabric for scour protection using relatively small rock 
which has had the potential to offer significant 
project savings [6]. 

Kyowa rock bags (also known as “filter units”) are 
designed specifically for marine, estuarine and 
riverine environments, and have a range of 
applications for marine and river civil engineering 
works.  

The Kyowa rock bags are made from recycled 
polyester, a durable material that is resilient to 
weather and chemical degradation. Further 
assessment indicated that durability and 
maintenance was unlikely to be an issue and noted 
that previous testing indicated typical design lives of 
30-50 years.  The assessment also revealed that
the ecological or environmental impact of the rock
bags was of limited concern.

A key element of rock bag performance is having 
limited movement when subject to flows and/or 
waves. To resist the design currents of 5m/s, as 
numerically modelled, 4 tonne or 8 tonne rock bags 
were required. 

Physical modelling was undertaken to assess the 
stability of the rock bag revetment under side 
thruster wash. Testing revealed that the bags were 
stable under the exit velocities provided by the 
numerical modelling but became displaced at higher 
velocities especially at lower tidal states. 

This emphasized the importance of placing 
operational controls and regularly monitoring / 
surveying the revetment slopes so that if a vessel 
exceeds the operational controls, any scour is 
quickly identified and additional/maintenance scour 
protection measures can be implemented in a timely 
manner. 

Filling and placement trials using the available rock 
and design pattern were also completed on site 
prior to in-place deployment. 

Figure 7 Photo of Kyowa Rock bag trial installation on 
land 
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7.2 Hydrodynamic Drag Loads 
The navigation simulation study was also used to 
inform the design of the wharf structure. Thruster jet 
velocities downstream of the bow thrusters and 
azipods were provided at each pile bent location. 
This enabled drag on the piles to be derived through 
hydrodynamic analysis and bow thruster demands 
on the wharf piles to be determined. 

A drag coefficient, Cd of 1.5 was used for the piles, 
assuming marine growth covered surface, and a 
marine growth thickness, ‘k’ of 100mm. The 
hydrodynamic drag load was assumed to be applied 
over the piles’ length between HAT and seabed / 
rock level, refer Figure 8.  

Figure 8 - Illustration of applied drag load on wharf piles 

8. Eastern Mole Enabling Works
The ECI advice, which developed during the design
period, was that it was preferable to construct the
facility from land, progressively utilising the
landspans and main wharf permanent works piles to
construct the remaining works.

It was recognised that by adopting land-based 
construction critical temporary design cases would 
arise and that in certain instances these would 
govern the design.  Options including reconfiguring 
the facility to reduce the revetment slope or 
constructing structural enabling works were 
considered.   

Further details and discussion on the enabling 
works are included in a separate paper on 
Addressing Geotechnical Complexity at Lyttleton 
Port’s Cruise Berth [8]. 

9. Conclusions
The construction of the Cruise Berth was a
successful project, delivering New Zealand’s first
dedicated port of call cruise infrastructure. The
cruise berth has been designed to avoid
interruptions to regular port operations.

The cruise infrastructure has been designed to be 
seismically resilient. In addition to an increased 
level of survivability of the wharf infrastructure after 
a seismic event, the ability of the infrastructure to 
host HMNZS Canterbury, a multi-role naval vessel 
well suited to disaster-relief operations, means that 

the cruise berth could serve as a staging or delivery 
point in the future for disaster-relief following a 
natural disaster. 

The inclusion of ECI on marine projects affords 
significant advantages where the design can be 
developed to suit the contractors’ plant and 
construction methodology in a collaborative 
process. 

The incorporation of the temporary works to 
stabilise the eastern mole into the permanent works 
allowed the mole to be reinstated to its level prior to 
the 2010-2011 Canterbury earthquake sequence. 
The inclusion of the TAG in the design process was 
beneficial to the design team in understanding the 
end users’ requirements and allowed some 
adjustment to the geometry of the design to better 
accommodate those needs. 

Figure 9 – Cruise Berth at Practical Completion 
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Abstract 

In 2015, 193 countries adopted the United Nation’s 2030 Agenda for Sustainable Development and its 17 
Sustainable Development Goals (SDGs) 

The IMO is actively working towards the SDGs and recognises that most of the elements of the 2030 Agenda 
will only be realised with a sustainable transport sector supporting world trade and facilitating the global 
economy.. Ports, as critical nodes in the global supply chain, must respond to worldwide, regional, and local 
challenges such as climate change and digitalisation.  

This paper presents a case study for the application of digital port optimisation technologies for a port in the 
UAE. Utilising advanced modelling techniques, AI enhanced forecasts, and real-time data, the technology 
allows vessels to increase their sailing drafts, thereby allowing additional cargo to be loaded for every voyage. 
Through an analysis of 17 months of shipping data, it was found that the technology facilitated a reduction in 
shipping related CO2 emissions of more than 50,000 tonnes. 

Keywords: Digitalisation, Port Optimisation, Sustainability, UKC 
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1. Introduction 
 
Ports and shipping channels are critical 
components of many nations’ transport 
infrastructure, and make a significant contribution to 
the economy.  With volatile and disrupted global 
trade comes further pressure on ports to be 
adaptive and resilient. This is occurring against a 
backdrop of increasing regulatory and 
environmental requirements, and social 
expectations, as well as a changing climate that is 
presenting more frequent and severe weather 
events.  
 
In 2015, 193 countries adopted the United Nation’s 
2030 Agenda for Sustainable Development and its 
17 Sustainable Development Goals (SDGs). 
 
The IMO recognises that most of the elements of 
the 2030 Agenda will only be realised with a 
sustainable transport sector supporting world trade 
and facilitating global economy, and is actively 
working towards the SDGs. Ports, as critical nodes 
in the global supply chain, must respond to 
worldwide, regional and local challenges such as 
climate change and digitalisation.  
  
With the support of strategic partners including the 
American Association of Port Authorities (AAPA), 
the European Sea Ports Organisation (ESPO), and 
the World Association for Waterborne Transport 
Infrastructure (PIANC), in 2017 the International 
Association of Ports and Harbors established the 
World Ports Sustainability Program. One of the five 
WPSP themes is ‘Resilient Infrastructure’ and 
encapsulates SDGs #9 Industry, Innovation and 
Infrastructure, #13 Climate Action, and #14 Life 
Below Water. 
 
This paper will present case study for the 
application of digital port optimisation technologies 
for a port in the UAE. An overview of the technology 
will be provided, with a discussion of the role of 
technology and innovation in meeting the UN’s 
SDGs. Through an analysis of 17 months of 
shipping data, the contribution of the new 
technologies towards reducing shipping related 
CO2 emissions will be evaluated. The paper will 
highlight how the port’s digitalisation efforts 
contributed towards the UN’s SDGs. 
 

2. Sustainable Development Goals 
 
The United Nation’s Sustainable Development 
Goals are far reaching, with the intention that they 
provide a framework for peace and prosperity for 
people and the planet. They incorporate concepts 
from the elimination of poverty and hunger through 
to clean energy and sustainable cities.  
 
As part of the IAPH’s World Ports Sustainability 
Program, the SDGs were grouped into specific 
themes that align with the areas in which ports 
operate. The five themes are:  

• Climate and Energy  

• Community outreach and port-city dialogue 

• Resilient Infrastructure  

• Governance and Ethics; and  

• Safety and Security 
 
Of these themes, the focus of this study is Resilient 
Infrastructure, and in particular, two SDGs which it 
encapsulates: #9 Industry, Innovation and 
Infrastructure, and #13 Climate Action. 
 
In relation to SDG #9, Industry, Innovation and 
Infrastructure, the IMO states3 that technological 
advances in the port sector are key to building 
resilient infrastructure and central to the effective 
functioning of the whole transportation sector. A 
more efficient shipping, working in partnership with 
the port sector, will be a major driver towards global 
stability and sustainable development for the good 
of all people. Furthermore, investment, growth and 
improvement in the shipping and ports sectors are 
clear indications of a country or region that is 
enjoying success in the present and planning for 
future success. 
 
On #13 Climate Action, the IMO’s position3 is that 
responding to climate change is one of the greatest 
challenges of our era, and requires appropriate, 
ambitious and realistic solutions to minimise 
shipping’s contribution to air pollution and its impact 
on climate change. 
 
The case study presented quantifies the 
contribution of digital technologies towards these 
SDGs, driving more efficient shipping operations 
which lead to reduced CO2 emissions.  
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3. Digitalisation 
 
Digitalisation is not a panacea for maritime 
challenges. However, digitalisation does drive 
access to more data, in real-time, and with greater 
precision. Forward thinking ports are finding ways to 
leverage these developments to deliver operational 
efficiencies and enhance safety. The digitalisation 
trend has been underway for some time, but is now 
more prevalent than ever. The United Nations 
Conference on Trade and Development (UNCTAD) 
Review of Maritime Transport 2020 proposes that 
“adopting technological solutions and keeping 
abreast of the most recent advances in the field will 
become a requisite, no longer an option” for the 
maritime industry6. 
 
Enabling and enhancing data capture is one area in 
which digitalisation can deliver immediate benefits. 
In their Maritime Digitalisation Playbook, the 
Maritime and Port Authority of Singapore highlight 
the global trend of port operators to harness data to 
improve port efficiency, and provide greater visibility 
of operations. UNCTAD6 found that enhanced 
digital data exchange across port stakeholders 
enables better collaboration and decision-making. 
In the International Association of Ports and 
Harbour (IAPH) led and IMO endorsed call to action 
entitled “Accelerating digitalisation of maritime trade 
and logistics”, released in June 2020, the authors 
note that while some ports had “seized the 
opportunities of the fourth industrial revolution”, 
transitioning towards smart ports, many others have 
“barely grasped the essentials of digitalisation”. 
 
The digital port optimisation technologies discussed 
herein capture and transform historic, real-time and 
forecast data, and integrate it into the port’s 
operations, enabling better, faster, more 
transparent decision making. The result is more a 
more efficient port. 
 

4. Shipping CO2 Emissions 
 
Greenhouse gas emissions (GHG) from maritime 
transport are estimated to exceed one billion tonnes 
per annum, representing around 3% of global 
anthropogenic GHG emissions2. International 
shipping accounts for approximately 87% of total 
shipping related CO2 emissions4. Despite 
improvements in engine technologies and 
operational practices such as slow steaming aimed 
at reducing vessels’ fuel efficiencies, the total GHG 
shipping related GHG emissions have continued to 
climb, largely due to the increase in shipping4. It is 
worth highlighting that shipping is the most efficient 
mode of transport on a CO2 per tonne-km basis5.  
 
The Paris Agreement requires emissions to be 
reduced by 50% by 2050. To achieve these results 
will take new innovations in the areas of ship and 
engine design, and alternative fuels. However, an 
option that is available immediately is to reduce the 
amount of shipping by increasing the cargo on each 
vessel. Digital technologies such as DUKC® are 
achieving this.   

 
Increasing sailing drafts with DUKC® allows vessels 
to carry more cargo. This reduces the cost of freight, 
as well as the per tonne fuel usage, greenhouse gas 
and carbon dioxide emissions.  
 
There are several methods typically employed to 
derive fuel and emission related estimates for 
shipping5. Danish Shipping1 has developed a 
calculator designed to determine emissions for a 
specific vessel including its type and size, payload 
capacity, rate of utilisation and speed, with the 
ability to manually adjust a number of parameters 
such as engine and fuel types. Without knowledge 
of the specifics of each individual vessel and 
voyage, an aggregate approach can be taken.  
 
A top down approach is to determine fuel usage 
based on reported marine bunker sales. Concerns 
of this approach are largely centred around the 
reliability of bunker fuel statistics, given different 
reporting requirements globally, and the known 
occurrences of misallocation of fuel types or 
industry sectors5.  
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The approach adopted herewith is based on the 
work of Psaraftis and Kontovas5. In their model. the 
CO2 emissions are calculated from fuel 
consumption information on a per ship basis used 
directly as an input. The model then determines CO2 

emissions on a tonne-km basis per ship class, 
accounting for the following variables:  
 

• Deadweight (DWT) (tonnes) 

• Payload Capacity W (tonnes) 

• Average Cargo Capacity Utilization w (0<w<1) 

• Speed of ship at sea V (km/day) 

• Percentage of total operational time that ships 

spend at sea, s (0≤s≤1) 

• Total Fuel Consumption at sea, including fuel 

that is used by Maine Engine and Auxiliaries, F 

(tonnes/day) 

• Total Fuel Consumption in port, including fuel 

that is used by Maine Engine and Auxiliaries, 

G (tonnes/day) 

• Operational days per year, D (days) (D≤365) 

• Sea days in a year: sD 

• Port days in a year: pD 

The key equations utilised in the analysis are: 
 

𝑆𝑒𝑎 𝑘𝑖𝑙𝑜𝑚𝑒𝑡𝑟𝑒𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟 (𝑘𝑚) = 𝑠𝐷𝑉  (1) 
 

Total fuel consumption per year (tonnes)  
= (sF + pG)D   (2) 
 
Total CO2 in a year (tonnes) 
= 3.17(sF + pG)D  (3a) 
= 3.17[s(F-D)+G]D (3b) 
 
Total tonne-km in a year = (wW)(sDV)   (4) 
 
CO2 per tonne-km = 3.17[F+(p/s)G]/wWv (5) 

 
A flowchart describing the calculation of CO2 
emissions per tonne-km as determined by Psaraftis 
and Kontovas is provided in Error! Reference 
source not found.. 
 
Their analysis utilised the world fleet database 
sourced from Lloyds Fairplay, and included 1,732 
vessels of relevance for Saqr Port. Their analysis 
concluded that the CO2 emissions could be 
approximated at 6.3 grams per tonne-km for this 
vessel class (35,000 to 65,000 DWT).  
 

Figure 1   CO2 emissions calculation flow chart highlights to process to determine the aggregate grams CO2 per tonnes-km 
that is used to estimated emissions savings for any voyage. Adapted from Psaraftis and Kontovas5. 
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5. Saqr Port Case Study 
 
Saqr Port in Ras Al Khaimah is one of five ports 
operated by the Ras Al Khaimah Port Authority 
(RAK Ports). Saqr is one of the Middle East’s 
leading centres of maritime and industrial 
commerce. Strategically located near the Strait of 
Hormuz, it is one of the major hubs in the regional 
industrial supply chain, supplying construction 
materials for the majority of world-renowned real 
estate projects in UAE, and beyond.  
 
Saqr Port is comprised of an Inner Harbour with 12 
berths, and a Deep Water Bulk Terminals that has 
capacity to berth two Capesize or three Panamax 
vessels. At a depth of 12.2m, the Inner Harbour 
caters to vessels from Handy to Panamax size, 
although draft restricted. The mean spring tidal 
range is 2.0m and 1.0m at neaps. With a cargo 
handling capacity of over 100 million tonnes 
annually, Saqr is the region’s largest dry bulk port. 
 
The main trades are limestone and aggregate 
exports, and coal imports, although the port also 
handles clinker, cement, gypsum, and general 
cargo.  
 
6. Digital Port Optimisation 
 
With the ambition of enhancing their operational 
efficiency, RAK Ports commissioned OMC 
International to implement its Dynamic Under Keel 
Clearance System (DUKC®). This project was 
unique as Saqr Port was the first in the MENA 
region to implement this type of innovative 
technology.  
 
DUKC® is a comprehensive digital solution for UKC 
management, underpinned by detailed modelling of 
port operations, numerical analysis of ship motions, 
hydro-dynamic models, channel survey data, and 
the AI assisted assimilation of real-time and forecast 
environmental conditions. Connecting advanced 
calculation engines with the port's available IoT 
devices and digital data sources, DUKC® allows the 
sailing draft of every vessel to be safely maximised. 
 
The DUKC® functionality allows the port and its 

customers to evaluate what the maximum sailing 

drafts will be for future tides. DUKC® calculates 

these maximum sailing drafts based on the specific 

vessel, its unique stability characteristics for that 

voyage based on the cargo and how it is loaded, 

and the prevailing environmental conditions during 

the transit. 

DUKC® was commissioned for use on January 1st 
2020 and the benefits for the port and its customers 
were immediate and significant.  
 
The first vessel to load with DUKC® was the LMZ 
Phoebe on January 9th 2020. It sailed at a record 
draft of 12.76m with an additional 3,000t of cargo 
than it would otherwise have achieved. That record 
was short lived as on January 20th, the Ganga K 
sailed at a draft of 12.83m. The next day, the Elbabe 
again set a record with a draft of 12.85m.  
 
On August 20th the MV Soho Mandate became the 
first vessel to exceed 13m from the Inner Harbour, 
at a draft of 13.02m. This equates to an additional 
7,000t of cargo. Since then, there have been more 
than 20 transits at drafts in excess of 13.0m. 
Notably, on October 15th, the Asia Ruby I sailed at 
a draft of 13.10m.  
 
7. With 17 months of voyage data since the 

implementation of DUKC® at Saqr Port, an 
estimate of the CO2 emissions reductions 
achieved in presented. 

 
8. CO2 Emissions Reductions 
 
With an understanding of the average gram of CO2 
produced per tonne-km of shipping, the impact of 
DUKC® in reducing shipping related CO2 emissions 
is estimated by determining the additional tonnage 
that is carried to each port, and the associated 
distances. Given the marginal percentage increase 
in the overall displacement of each individual 
vessel, it is assumed that the implication of the 
additional tonnes is negligible in terms of fuel 
requirements.  
 
For every vessel entered into the DUKC®, the 
system stores the sailing draft, and the draft benefit 
achieved. The destination port for the vessel is 
manually entered. The available dataset spans from 
January 1st 2020 to May 31st 2021 and contains 225 
transits. Transits where the destination port was not 
listed were removed. The dataset contained 8 
entries where the discharge port was listed only as 
India. In these instances, the distance for the 
purpose of CO2 emissions calculations has been 
assumed as the average of the known Indian 
discharge ports. Distances between ports were 
calculated using the sea route distance calculator 
available at http://ports.com/sea-route/.  
 
The average increase in draft achieved with 
DUKC® was 0.63m. Of the 225 transits, there were 
27 unique destinations. Of these 27 ports, 12 had 
only a single transit. Chittagong was the most 
frequented port with 99 transits. It also has one of 
the longest distances as well as the highest average 
benefits in terms of increased draft and tonnage.  
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Taking into consideration the increased tonnage 
and distance for every DUKC® transit, and applying 
the CO2 emissions per tonne km value of 6.3g, the 
reduction in CO2 resulting from the efficiencies 
achieved with DUKC® is estimated at 53,243 
tonnes.  
 
To assess the impact of these CO2 reductions, the 
equivalency calculator developed by the US 
Environmental Protection Agency is used 
(https://www.epa.gov/energy/greenhouse-gas-
equivalencies-calculator). Some example 
equivalents include: 
 

• GHG emissions from 215,346,633 km 
driven by average passenger vehicle; 

• CO2 emissions from:  

• 6,476,619,425 smart phone recharges; 

• 9,671 homes electricity use for 1 year; 

• CO2 sequestered by:  

• 880,384 tree seedlings grown for 10 
years; 

• 65,232 acres of forests in 1 year. 
 
9. Summary 
 
The is an imperative for industry to reduce shipping 
related CO2 emissions, and this is evidenced 
through the United Nations’ Sustainability 
Development Goals, endorsed by the IMO. Whilst 
the challenge remains large and will take multiple 
and significant innovations to resolve, there are 
solutions that can be implemented now, with 
immediate and significant benefits.  
 
This paper has presented a case study for DUKC®, 
a digital port optimisation technology that allows 
ships to sail with more cargo and reduced risk. By 
increasing the tonnes lifted by every vessel, the per 
tonne-km CO2 emissions are reduced. Essentially, 
fewer voyages are required to transport the same 
volume, therefore fuel use is reduced with a 
corresponding reduction in GHG emissions.  
 
In this example, the 17 months’ analysis shows a 
reduction in CO2 emissions of more than 50,000 
tonnes, equating to ~5% reduction per transit. 
Although this may be small in percentage terms 
relative to the global shipping related emissions, it 
is significant when viewed in the context of 
sequestering the same level of CO2.  
 
Importantly, it is expected that similar benefits could 
be replicated at any port where vessels are draft 
constrained, thereby enabling ports with a focus on 
sustainability to realise CO2 emissions reductions 
through DUKC®.  
 
RAK Ports was the first in the MENA region to adopt 
DUKC®, thereby giving its customers the 
opportunity to improve their environmental footprint, 

and demonstrating how digital technologies such as 
DUKC® can contribute towards achieving 
Sustainable Development Goals.  
 
In December 2020, RAK Ports was recognised for 
their sustainability achievements by winning the 
Seatrade Intelligent Shipping Award for their 
implementation of DUKC®. 
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Abstract 
Coastal zones are exposed to wave energy from site specific wave generation zones, which vary at different 
timescales in response to regional atmospheric variability, large-scale climate drivers and global climate 
change. Hence, the aim of this paper is to investigate the source and travel time of the wave energy reaching 
the East Australian Coast (from north New South Wales to Southeast Queensland) over last four decades. 
The ESTELA (Evaluating the Source and Travel-time of the wave Energy reaching a Local Area) methodology 
was used to (1) calculate the wave propagation pathways based on the great circle concept, then; (2) 
determine the frequency-direction distribution of the wave spectra and finally; (3) assess the effective energy 
flux to define the spectral energy travelling towards the target point near the coast. The results show two 
primary wave generation regions: directly to the east extending towards the central South Pacific Ocean within 
a 9-day wave travel time and to the south in the Tasman Sea along the southeast Australian coast within a 3-
day wave travel time. Seasonal variability was detected with austral summer-autumn showing the highest wave 
energy, followed by winter and spring. The occurrence of strong La Niña events influenced more the wave 
energy within the 3-days travel time limit than El Niño episodes. Also, La Niña phases was observed to increase 
the easterly wave generation over all seasons by around 40% compared to the typical wave energy per season. 
Overall, this study presents a regional wave climate description that provides critical information for future 
coastal research and management as well as coastal recreation planning and harbour operations. 
 
Keywords: wave climate, wave energy flux, storms, ENSO, atmospheric circulation patterns. 
 
1. Introduction 
At any given place on the ocean surface, the wave 
field characteristics combines the effects of changes 
in the intensity and spatial variability of the local 
and/or remote wave generation zones and the 
geographic constraints of the ocean basin where 
waves propagate [13]. Ocean gravity waves are 
generated from the transfer of momentum from the 
wind to the sea surface [10]. Near-surface winds over 
the oceans, in turn, are generated by the pressure 
gradients between opposed synoptic-scale weather 
systems. As a consequence, wave generation is 
subject to the influence of the seasonal variability of 
large-scale atmospheric circulation patterns and of 
the long-term oscillation of climate drivers [4, 14].  
 
The projected climate changes for the next decades 
are expected to modify the modal and severe wave 
conditions worldwide [9] by altering atmospheric 
circulation mechanisms, wind patterns and finally, the 
wave generation zones. The effects of the variability 
of the wave climate are vast as waves have a primary 
role in the dynamics of the ocean-land-atmosphere 
interfaces. Changes in the remote originated swells 
or the local wind-waves are believed to have broad 
implications on the offshore navigation and maritime 
works, harbour operability, coastal hydrodynamics, 
longshore sediment transport, ecosystem distribution 
and flooding risk [10].  

In order to recognise the effects of future climate 
changes on the regional wave climate – recently 
listed as one of the priorities for advancing wind-wave 
research [6], the understanding of the historical 
variability of wave fields extending from their 
generation areas across the ocean basins up to the 
coastal zone is crucial. Therefore, the aim of this 
paper is to distinguish the influence of the local and 
distant wave generation zones that have controlled 
the wave climate along the East Australian Coast 
during the last 42 years (1979 to 2020). The wave 
energy source areas and travel time [13] to reach the 
target coastal zone are investigated considering the 
seasonal fluctuations and the multi-annual variability 
in phase with the large-scale climate drivers.  
 
2. Regional Setting 
The study region comprises the East Australian shelf 
between Brisbane (Queensland) and Byron Bay (New 
South Wales) and extends offshore across the 
Tasman-Coral Seas and the Pacific Ocean Basin 
(Figure 1). The targeted coastal region is subject to 
moderate to high wave energy with significant 
seasonal and inter-annual variation [1]. The dominant 
wave direction is south-southeast with 50% of the 
values of significant wave height and peak period 
under 1.5 m and 9.5 s, respectively [10, 15]. Seasonal 
variability is observed with 75% of the modal wave 
climate dominated by the south-southeast component 
and 25% by the east component during winter, 
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whereas during summer an increase in the easterly 
component and an anti-clockwise shift of the wave 
direction over the Tasman Sea occurs [10].  
 

 
Figure 1: Relevant spatial domain for the wave generation 
zones that reach the target coastal zone, extending from 
the Tasman and Coral Seas to the whole Pacific Ocean 
Basin (Source: [Matlab Basemap]).  

 
The targeted coastal zone is at the Tasman and Coral 
Seas interface, located around 30°S (Figure 1). The 
Tasman Sea is a semi-enclosed sea limited by the 
southeast coast of Australia and the western coast of 
New Zealand, while the Coral Sea is bordered by the 
Queensland coast, the Western Pacific Islands and 
Pacific Ocean (Figure 1). Along the Tasman-Coral 
Sea, the wave propagation towards the Australian 
shelf has been predominantly from a south-easterly 
direction [8, 10], leading to primary northward 
longshore sediment transport.  
 
Tropical to extratropical cyclones, lows and the 
accompanying anti-cyclones migrating within the 
Tasman-Coral Sea have been related to the wave 
climate approaching the Eastern Australia Coast [10]. 
These systems and the resulting wave conditions are 
largely modulated by the Pacific Ocean Basin climate 
drivers such as the El Niño-Southern Oscillation 
(ENSO), the Pacific Decadal Oscillation (PDO), or the 
Interdecadal Pacific Oscillation (IPO) [5, 8] as well as 
by larger scale systems such as the global climate 
changes [9, 10]. 
 
3. Methods 
The ESTELA (Evaluating the Source and Travel-time 
of the wave Energy reaching a Local Area) method 
[13] is applied to characterize the wave energy source 
areas that are capable of influencing the wave climate 
of a specific target point. This methodology is 
currently available in the TESLA-kit 
(https://github.com/teslakit), a Python3 collection of 

libraries for numerical and statistical calculations and 
methodologies for handling global climate data. 
 
The ESTELA method consists of a sequence of steps 
that starts with determining the relevant spatial 
domain and the wave propagation pathways. This 
process is based on the theory that deep-water 
waves travel along great circle paths [11] from the 
generation zones to the target point, neglecting the 
wave corridors that are obstructed by land [13]. In 
order to delineate the coastal stretch in which the 
study would focus, two target points situated around 
140 km apart were chosen for the ESTELA analysis: 
(1) near the Brisbane Waverider Buoy position 
(27.5°S, 153.6°E) and (2) offshore the Byron Bay 
Waverider Buoy (28.9°S, 153.7°E), both located at 
approximately 60 to 70 m water depth and around 10 
km from the coast. 
 
After defining the geographic limits, the frequency-
direction distribution of the wave spectra is 
reconstructed within the spatial domain [13]. 
Normally, the analysis of a sea state at a certain point 
is based on the statistics of select wave parameters 
(significant wave height Hs, mean wave direction θ, 
peak period Tp), however, these are not adequate to 
analyse the waves travelling on the ocean surface 
from different directions to a target point. Hence, to 
represent the wave spectrum, ESTELA uses four 
spectral wave partitions (Hs, Tp, θ and the directional 
spread). The wave dataset used in this study is 
provided by the Centre for Australian Weather and 
Climate Research (CAWCR), a partnership between 
the Bureau of Meteorology and CSIRO. The wave 
hindcast collection comprises the period from 
January 1979 to January 2021 with hourly resolution 
and outputs gridded on a global 0.4° spatial 
distribution [3]. 
 
Finally, the effective wave energy is obtained 
considering the energy of the spectrum travelling to 
the target point at the group velocity and corrected for 
the viscous dissipation that waves experience during 
propagation from the source location to the target 
point [13].  
 
The analysis was applied to define the mean wave 
energy flux source areas (wave generation zones) 
over the total 42 years period, as well as for each 
austral season – summer (Dec, Jan, Feb), autumn 
(Mar, Apr, May), winter (Jun, Jul, Ago) and spring 
(Sep, Oct, Nov). Strong phases of El Niño (1982-83, 
1991-92, 1997-98, 2015-2016) and La Niña (1984-85, 
1988-89, 1998-2000, 2007-08, 2010-12) were also 
selected and grouped for the analysis. Difference 
plots were obtained comparing distinct specific 
periods against each other (e.g., La Niña summer 
versus average summer) and against the total period 
to assess the percentage of change in the wave 
energy coming from the source areas. 
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4. Results 
The wave generation zones were identified from the 
42-year (1979 – 2020) hindcast data for both 
Brisbane (Figure 2a) and Byron Bay (Figure 2b) 
target points. Results revealed a potential for wave 
energy generated in remote areas of the Pacific 
Ocean to reach the East Australian coast with a travel 
time of about 12 to 18 days (Figure 2a,b). The most 
relevant wave generation zones, however, were 
identified in the Tasman-Coral Sea within a 3-days 
period for the propagation from the source area to the 
coast. The south-southeast wave component is 
mostly generated within the 3-days travel time limit, 
extending up to 6 days for source areas on the 
Tasman Sea and Southern Ocean front (Figure 2a,b). 
The easterly wave component showed the influence 
of wave generation regions extending to the Tropical 
to Sub-Tropical Southern Pacific Ocean within a 9-
days travel time (Figure 2a,b). The locally generated 
north-easterly waves showed to be up to ~ 5% more 
energetic for the Brisbane point than for the Byron 
Bay target point (Figure 2c). 
 
4.1 Seasonal Variability  
Seasonal variability is observed between the primary 
wave generation zones for the study area; however, 
no substantial difference is detected between the 
Brisbane and Byron Bay target points. Hence, Figure 
3 illustrates the changes on the wave energy 
seasonal patterns based on the Brisbane point.  
 
During the austral summer months, the mean wave 
energy flux coming from east to north-northeast 
intensifies (Figure 3a). The locally generated easterly 
waves and the swells generated within the 9-days 
travel time area in the South-Western Pacific Ocean 
(Figure 2a) showed an energy increase of about 20 
to 60% (Figure 3a) when compared to the mean wave 
energy flux obtained for the 42 years. Over the 
northern region of the Coral Sea, for instance, the 
average for the 42 years indicates low energy flux 
values of around 0.2 to 3 (kW/m/° x360); with the 
summer mean increasing by approximately 100% 
(Figure 3a), particularly in February. In contrast, over 
most of the Tasman Sea a slight decrease (up to 
10%) in the mean wave energy flux is observed, while 
a reduction of about 60% occurs in the wave energy 
sourced from the areas close to New Zealand (Figure 
3a).  
 
In contrast, the austral winter months present an 
almost completely inverse variability of the wave 
energy on the source areas (Figure 3c). The easterly 
wave component decreases around 10 to 50% 
(compared to the 42-year mean wave energy flux) 
while the energy from waves generated on the north 
of the Coral Sea reduces in almost 100% (Figure 3c). 
On the Tasman Sea and particularly adjacent to the 
New Zealand coast, however, mean wave energy flux 
increases between 20 and 80% (Figure 3c). 

 
 
Figure 2:  Forty-two years of mean wave-energy fluxes 
(kW/m/° x360) are shown for (a) Brisbane and (b) Byron 
Bay target points. (c) Difference (%) between the wave 
energy reaching Brisbane and Byron Bay. The coloured 
area on (a) and (b) represent the spatial domain of the 
potential source regions. Warmer colours indicate the most 
energetic wave-generation areas capable of influencing the 
study area. In (c), blue (red) colours indicate the percentage 
of wave energy flux increase (decrease) on the wave-
generation zones capable of influencing the study area. The 
black lines indicate 3-day contours of wave travel time. 
 

Austral autumn months were observed to have a 
largely spread increase of the wave energy flux over 
the Coral-Tasman Sea (Figure 3b), especially during 
March. The increase in wave energy expands east 
and southward over the adjacent Pacific Ocean, 
beyond the regions observed for the summer months 
(Figure 3b). Conversely, austral spring months show 
an overall decrease of the wave energy flux reaching 
the Brisbane target point (Figure 3d). An increase in 
local north-northeast wave energy is detected along 
the coastal zone (Figure 3d), but the interpretation of 
this result should be carefully considered since the 
spatial scale of this change is relatively small. 
Nevertheless, it is noteworthy that during autumn 
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months this same area shows an inverse pattern with 
a decrease of the wave energy flux (Figure 3b). These 
patterns are verified for both Brisbane and Byron Bay 
target points. 
 

 
 
Figure 3:  Wave energy difference (%) between austral 
seasonal patterns and the 42-year mean of the wave-
energy fluxes for the Brisbane area. (a) Summer (DJF), (b) 
autumn (MAM), (c) winter (JJA) and (d) spring (SON) 
months. Blue (red) colours indicate the percentage of wave 
energy flux above (below) on the mean wave energy flux of 
the total period. 
 
4.2 ENSO Influence on the Wave Generation 

Zones  
The strong phases of La Niña and El Niño that 
occurred between 1979 and 2020 were combined 
and compared to the mean wave energy flux of the 
42 years (Figure 4a,b), revealing opposite changes in 
the wave generation patterns for each phase. La Niña 
phases indicated an increase of about 30% in the 
wave energy coming from the region located around 
the Coral and Tasman Seas front, and northwest of 
New Zealand (Figure 4a), whereas El Niño periods 
showed a decrease of 20 – 40% in this same region 
as well as extending along the west coast of New 
Zealand and towards the central Southern Pacific 
Ocean (Figure 4b). In general, the El Niño phases 
lead to a decrease (<10% over most of the area; 

approximately -50% in the northern Coral Sea) of the 
wave energy generated within the Coral-Tasman Sea 
(Figure 4b). The La Niña phases also cause a 
decrease (up to 20%) in the wave energy generated 
in a large part of the Tasman and Coral Seas, apart 
from the northern region near Papua New-Guinea 
and Solomon Islands where the wave energy 
increases over 50% (Figure 4a).  
 
Over the Tropical-Southern Pacific Ocean, El Niño 
showed more substantial influence than La Niña 
phases. An area stretching from New Caledonia to 
the centre of the Pacific ranging between 17 and 22°S 
has presented energy increase (~ 50%) during El 
Niño (Figure 4b), but no significant changes during La 
Niña (Figure 4a). In contrast, La Niña phases caused 
an increase (~ 30%) of wave energy from the 
Equatorial region of the Pacific Ocean (Figure 4a) 
while El Niño leads to the exact opposite (~ - 30%) in 
the same location. 
 

 
 
Figure 4:  Wave energy difference (%) between strong La 
Niña (a) and El Niño (b) phases and the 42-year mean of 
the wave-energy fluxes for the Brisbane area. Blue (red) 
colours indicate the percentage of wave energy flux above 
(below) the mean wave energy flux of the total period. 

 
These changes are also evident when comparing the 
seasons under the influence of La Niña and El Niño 
to the overall seasonal patterns (Figure 5). For all 
seasons, La Niña tends to present an increase in the 
wave energy within the Tasman-Coral Sea while El 
Niño, instead, leads to reduced mean wave energy 
flux (Figure 5). Throughout the Tropical Pacific 
Ocean, El Niño phases have greater influence, 
reaching twice the value of percentage variation 
observed for the La Niña period (Figure 5) at some 
locations. 

321



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Wave Generation Zones off the East Australian Coast 
Silva, A.P., Gomes da Silva, P., Vieira da Silva, G. , Perez, J., Cagigal, L., Murray, T., Strauss, D. and Tomlinson, R.  

 
 

 
 
Figure 5:  Wave energy difference (%) between austral seasonal patterns under the influence of La Niña (a, c, e, g) and 
El Niño (b, d, f, h) phases and the seasonal patterns obtained from the 42-year of wave-energy fluxes for the Brisbane 
point. Blue (red) colours indicate the wave energy flux increase (decrease) on the wave-generation zones capable of 
influencing the study area. 
 
La Niña summer and autumn showed enhanced 
wave generation on the northwest of New Zealand 
(Figure 5a,c), as it is also observed for the general La 
Niña effects (Figure 4a). Besides this region and the 
surroundings of the northern Coral Sea, La Niña 
phases tend to impact the summer and autumn 
months with an overall decrease (up to -20%) in the 
wave energy generated within the Tasman Sea 
(Figure 5a,c). The La Niña winter and spring, 
however, showed relevant changes to the easterly 
swell component. For both seasons, an increase (~ 
40 to 60%) in wave energy generation over the 
Tropical-Southern Pacific Ocean is observed (Figure 
5e,g). For La Niña spring, particularly, a distinct 
increase in wave energy within the 3-days travel time 
(Figure 5g) provides more energy reaching the target 
point during these months than normally occurs 
during this season. 

During El Niño summer and autumn, energy 
decreases (-30 to -70%) within the Tasman-Coral 
Sea while strongly increasing (over 100%) in the 
Tropical Pacific Ocean (Figure 5b,d). During summer, 
it is also observed some strengthening of the wave 
energy on the Tasman Sea and Southern Ocean front 
(Figure 5b). Conversely, during El Niño winter, wave 
energy reduces on the Pacific Ocean and over large 
parts of the Tasman Sea (Figure 5f), apart from the 
Southeast Australian Shelf that does not present 
significant change and the northern end of the Coral 
Sea where wave energy increases up to 100% 
(Figure 5f). For El Niño spring, the wave energy over 
the southeast side of the Tasman Sea shows some 
increase (>60%) (Figure 5h), which tends to 
strengthen the south-southeast wave component 
reaching the target point during these months.  
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5. Discussion  
The results showed a complex system of multiple 
wave generation zones within the Coral-Tasman Sea 
and over the Tropical and Southern Pacific Ocean, 
which are related to different synoptic-scale weather 
patterns. In a simplified description, the low-pressure 
systems moving over the Tasman Sea and New 
Zealand tend to produce the modal south-southeast 
wave component [10] that reach the target points; 
whereas the anti-cyclonic intensification over north 
New Zealand and the north-easterly trade winds 
activity support the generation of the modal easterly 
wave component [10] within the observed 9-day wave 
travel time limit (Figure 2). As the Brisbane area is 
more exposed to this longer wind-fetch, it 
experiences a greater contribution from the easterly 
swells [10], resulting in the noted difference in the 
wave energy reaching Brisbane and Byron Bay. 
Storm types such as Tropical Cyclones migrating 
over the Coral Sea also have a relevant contribution 
as wave generation patterns, however, their 
frequency of occurrence is relatively small compared 
to the modal climate [10], and therefore, their mean 
wave energy flux contribution to the 42-year average 
is negligible (Figure 2). 
 
The seasonality of these atmospheric patterns leads 
to the variations detected in the wave energy source 
area (Figure 3). From late summer to autumn months, 
high wave energy approaches the target coastal 
zone, which is associated with increased storm 
activity (e.g. Tropical Cyclones) in the Coral Sea [1] 
and the trajectory of these synoptic systems towards 
or along the coast. In addition, the southward 
migration of the Subtropical Ridge (Anti-Cyclone) and 
trade winds during summer [4, 10] strengthens the 
easterly wave generation zone (Figure 3a). Towards 
winter months, the latitudinal shift of the Subtropical 
Ridge towards north [1] dislocates the zonal wind-
fetch to northeast of the summer position (Figure 3c) 
while allowing for a freely migration of low-pressure 
systems over the Tasman Sea supporting the 
generation of south-southeast waves. Overall, it is 
noteworthy that the target region is located within 
reach of wave systems generated by both tropical 
and extra-tropical atmospheric patterns [4], which 
during transitional seasons such as autumn, 
produces a high-energy multimodal sea state (Figure 
3b). During spring months, however, the energy from 
distant swells reaching the coast is lowered, and the 
prevailing sea state results from the meso-scale sea-
breezes along the coast generating the local 
northeast waves (Figure 3d) [1]. 
 
Adding to the typical variability, ENSO episodes have 
been shown to modify the wave climate along the 
Eastern Australia Coast [7, 10, 12]. In general, 
previous literature has stated that more southerly 
wave climate prevails under El Niño, whilst easterly 
waves are more dominant of La Niña phases [5, 8, 
10]. The results presented in this study showed that 

more than favouring distinct wave climates, La Niña 
has a more evident effect on increasing the wave 
energy source areas within the 3-days travel time limit 
of the Coral-Tasman Sea than El Niño phases. In fact, 
Oderiz et al [12] presented that the whole extent of 
the East Australian Coast is subject to higher wave 
power under La Niña periods. During these phases, 
the trade winds intensify, and the Subtropical Ridge 
migrates southward, which resembles the 
atmospheric patterns from summer-autumn season 
[10, 12]. This implicates in the strengthening of the 
easterly – and shore-normal – wave generation 
across all seasons (Figure 5a,c,e,g). For El Niño 
phases, inversed variability of the atmospheric 
systems and, consequently, of the wave generation 
zones occurs [12]. Tropical Cyclone activity is also 
affected by ENSO events, with an increased 
storminess over the Coral Sea and near the targeted 
coastal zone during La Niña [2] whilst El Niño phases 
tend to increase the Tropical Cyclone tracks over a 
zone from Papua New-Guinea to the centre of the 
Tropical-Southern Pacific Ocean [2], where an 
increase in wave energy was observed during El Niño 
events (Figure 4b), particularly during summer and 
autumn (Figure 5b,d). 
 
Longer-term climate drivers as well as global climate 
changes have also been acknowledged to influence 
the variability of wave generation zones [2, 9, 10, 14]. 
The superimposed phases of multi-annual to decadal 
climate drivers such as PDO and IPO over ENSO 
events have been observed to magnify the changes 
on the typical atmospheric patterns and wave climate. 
For instance, negative IPO phases have been 
reported to intensify La Niña events as a result of the 
South Pacific Convergence Zone and the tropical 
cyclogenetic zone moving towards Australia, whereas 
the positive IPO phase is related to the South Pacific 
Convergence Zone migrating northeast away from 
Australia and reducing the impact of ENSO phases 
on the wave climate as well as the storminess [5, 7]. 
For the future decades, projected climate changes 
are assumed to cause an expansion of the tropics 
with a poleward migration of the Subtropical Ridge, 
favouring a more summer and/or La Niña-like wave 
generation pattern [12]. This would result in an 
anticlockwise shift of the modal wave climate on the 
East Australian Coast [9, 10] as well as impact on the 
storminess over the Coral-Tasman Sea [2].  
 
6. Summary 
This study investigated the wave generation zones 
influencing the wave climate reaching the targeted 
coastal zone between Byron Bay (north NSW) and 
Brisbane (southeast QLD) over the last 42 years 
(1979-2020). Results indicated two primary wave 
energy source areas located (1) directly east of the 
target points within a wave travel time of up to 9 days 
and (2) over the Tasman Sea within a 3-day travel 
time. These wave generation zones are subject to the 
seasonal variability of the associated atmospheric 
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patterns, thus resulting in evident changes on the 
wave condition reaching the target coast. During 
summer, wave generation increases (20 to over 
100%) over the Coral Sea and peripheral 
Southwestern Pacific Ocean when compared to the 
42-year mean wave energy flux. Autumn months 
showed a multimodal sea state with wave energy 
increasing over the whole Coral-Tasman Sea and the 
adjacent Pacific Ocean. Over winter months, the 
wave generation is strengthened to the south of the 
target zone, while the north side experiences 
substantial energy decrease (up to 100% in the 
Tropical Cyclones region). Finally, spring months 
present an overall decrease of the wave energy. 
 
This regular variability of the wave energy source 
areas is altered by the strong ENSO phases. La Niña 
episodes showed strengthening of the wave 
generation zones mostly within the Coral-Tasman 
Sea and the 3-days travel time while El Niño tends to 
decrease the wave energy generated in this region. 
The increased easterly wave generation during La 
Niña is observed over all seasons and the activity of 
Tropical Cyclones producing storm waves in the 
Coral Sea is detected for spring and summer. During 
El Niño, the southerly wave generation over the 
Tasman Sea presents slight increase over winter and 
spring, while during summer and autumn the wave 
generation increases in the adjacent Tropical Pacific 
Ocean following the northward migration of the 
Tropical Cyclone tracks. 
 
This type of research and resultant knowledge is 
reproducible and useful for any coastal area around 
the world. Primarily, it provides a regional wave 
climate description relevant for future coastal studies 
and coastal management, given that distinct wave 
generation zones produce wave systems that 
propagate from different directions and have different 
effects on longshore sediment transport and beach 
stability. Moreover, the understanding of the wave 
generation zones over seasonal and inter-annual 
periods brings valuable information on sea-state 
variability and potential zones of increased wave 
energy that is critical for maritime activities, from 
coastal recreation (e.g. surfing conditions) to 
commercial navigation and port/harbour operations.  
 
7. Acknowledgements 
The authors thank the Centre for Australian Weather 
and Climate Research (CAWCR), a partnership 
between the Bureau of Meteorology and CSIRO, for 
publicly providing this collection of 42 years of wave 
hindcast data. Also, Ana Paula da Silva 
acknowledges the financial support from Griffith 
University through the Griffith University International 
Postgraduate Research Scholarship (GUIPRS) and 
Griffith University Postgraduate Research 
Scholarship (GUPRS). 
 

8. References  
[1] Allen, M. and Andrews, M. (1997), Assessment of 
Directional Wave Climate Variability for a Sand Bypassing 
Project. Proceedings of Pacific Coasts and Ports '97, 
Proceedings of the 13th Australasian Coastal and Ocean 
Engineering Conference and the 6th Australasian Port and 
Harbour Conference; Volume 2 (Christchurch, New 
Zealand), pp.903-908 (ISBN: 0908993161). 

[2] Bell, S.S., Chand, S.S. and Turville, C. (2020), Projected 
changes in ENSO-driven Tropical Cyclones tracks. Climate 
Dynamics, 54, pp.2533-2559. 

[3] Durrant, T., Hemer, M., Smith, G., Trenham, C. and 
Greenslade, D. (2019), CAWCR Wave Hindcast - 
Aggregated Collection. Volume 5, CSIRO, Service 
Collection. 102.100.100/137152 

[4] Echevarria, E.R., Hemer, M.A. and Holbrook, N.J. 
(2019), Seasonal variability of the global spectral wind wave 
climate. Journal of Geophysical Research: Oceans, 124, 
pp.2924-2939. 

[5] Goodwin, I.D. (2005), A mid-shelf, mean wave direction 
climatology for Southeastern Australia, and its relationship 
to the El Nino – Southern Oscillation since 1878 A.D. 
International Journal of Climatology, 25, pp.1715-1729. 

[6] Greenslade, D. et al. (2020), 15 Priorities for wind-wave 
research, An Australian Perspective. BAMS, American 
Meteorological Society, pp.E446-E461. 

[7] Helman, P. and Tomlinson, R. (2018), Two centuries of 
climate change and climate variability, East Coast Australia. 
Journal of Marine Science and Engineering, 6, 3, pp.1-8. 

[8] Hemer, M.A., Church, J.A. and Hunter, J.R. (2010), 
Variability and trends in the directional wave climate of the 
Southern Hemisphere. International Journal of Climatology, 
30, 4, pp.475-491. 

[9] Hemer. M.A., Fan, Y., Mori, N., Semedo, A. Wang, X.L. 
(2013), Projected changes in wave climate from a multi-
model ensemble. Nature Climate Change, 3, pp.471-476. 

[10] Mortlock, T.R. and Goodwin, I.D. (2015), Directional 
Wave Climate and Power Variability along the Southeast 
Australian Shelf. Continental Shelf Research, 98, pp.36-53. 

[11] Munk, W.H. (1951), Origin and generation of waves. 
Proceedings of the 1st Conference on Coastal Engineering 
(Long Beach, California), pp. 1–4. 

[12] Odériz, I., Silva, R., Mortlock, T. R. and Mori, N. (2020), 
El Niño-Southern Oscillation impacts on global wave 
climate and potential coastal hazards. Journal of 
Geophysical Research: Oceans, 125, pp.1-16. 

[13] Pérez, J., Mendez, F.J., Menendez, M. and Losada, I.J. 
(2014), ESTELA: a method for evaluating the source and 
travel time of the wave energy reaching a local area. Ocean 
Dynamics, 64, 8, pp.1181–1191. 

[14] Silva, A.P., Klein, A.H.F., Fetter-Filho, A.F.H., Hein, 
C.J., Mendez, F.J., Broggio, M.F. and Dalinghaus, C. 
(2020), Climate-induced variability in South Atlantic wave 
direction over the past three millennia. Nature Scientific 
Reports, 10, 18553, pp.1-12. 
https://doi.org/10.1038/s41598-020-75265-5 

[15] Vieira da Silva, G., Murray, T. and Strauss, D. (2018). 
Longshore wave variability along non-straight coastlines. 
Estuarine, Coastal and Shelf Science, 212, pp.318-328. 

324



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Wave run-up in the lee of submerged breakwaters 
Renan F. Da Silva, Jeff Hansen, Ryan Lowe, Dirk Rijnsdorp 
 

Wave run-up in the lee of submerged breakwaters 
 

Renan F. da Silva1, Jeff Hansen1, Ryan Lowe1, and Dirk Rijnsdorp2 

1 University of Western Australia, Perth, Australia; renan.silva@research.uwa.edu.au  
2 Delft University of Technology, Delft, The Netherlands. 

 
 
Abstract 
Submerged breakwaters are generally considered an attractive solution for coastal protection as they are less 
intrusive to coastal landscapes compared to emergent structures. Although previous studies have provided 
valuable knowledge on wave energy dissipation and their effect on the mean flows, it remains unclear how 
submerged structures modify wave-driven water levels at the shoreline (i.e., wave run-up). Here we explore 
wave run-up in the lee of idealised impermeable submerged breakwaters using a non-hydrostatic phase-
resolving model. We modelled the 3D wave-driven flow resulting from shore-normal waves interacting with 
submerged breakwaters with commonly found geometries. By calculating the wave set-up and the 2% run-up 
for simulations with and without submerged breakwaters, we studied their influence on the coastal water levels 
in their lee. Our results show that the set-up can be by 10% larger/lower (compared to the case without their 
presence) behind submerged breakwaters located closer/further offshore from the shoreline, respectively. We 
also show that the 2% run-up is less than 5% different with and without breakwaters regardless of the modelled 
geometry. Overall, our study shows that impermeable submerged breakwaters do not significantly affect wave 
driven shoreline water levels, and that the coastal protection that they can offer is more likely via promoting 
accretion in their lee. 
 
Keywords: submerged breakwaters, coastal flooding, wave run-up, non-hydrostatic wave modelling, SWASH. 
 
1. Introduction 
Submerged breakwaters (SBWs) are designed to 
provide sheltered conditions in their lee and are 
generally considered as an attractive solution as 
they are less intrusive and costly than emergent 
breakwaters. The coastal protection offered by 
SBWs can be via dissipating wave energy offshore 
and/or promoting accretion in their lee (i.e., salients 
or tombolos), which are believed to ultimately 
reduce coastal flooding. 
 
Most research to date on SBWs has focused on 
quantifying wave transmission—the ratio between 
the transmitted wave height and the incident wave 
height [3,12]. Wave transmission is considered as a 
major design parameter used to measure the 
effectiveness of SBWs to dissipate wave energy in 
their lee. As its calculation is generally performed in 
a wave flume with flat depths and with the SBW 
occupying the full width of the flume, wave 
transmission accounts for neither 2DH (horizontal) 
effects (e.g., wave diffraction and refraction and 
circulation cells) [see below] nor for the changes in 
the nearshore wave transformation and swash 
hydrodynamics (e.g., wave set-up and run-up) 
resulting from their presence. Therefore, it cannot 
be solely relied as a proxy for coastal protection by 
SBWs to inform their design. However, there have 
been only a few studies [4] addressing the run-up in 
the lee of SBWs, which motivates the need for more 
investigation. 
 
Submerged breakwaters can also modify the 
nearshore hydrodynamics and cause accretion or 
erosion in their lee. A meta-analysis of the literature 
that describes the shoreline response to several 

constructed SBWs revealed that 60% of them led to 
erosion in their lee [7]. To understand the coastal 
response, a few studies [6,8] attempted to link the 
wave-driven flow pattern in the lee of submerged 
structures to shoreline response with (2-cell) 
diverging or (4-cell) converging currents, assumed 
to relate to erosion or accretion, respectively. These 
prominent circulation features may impact 
nearshore wave propagation, and as such need to 
be considered for the evaluation of coastal water 
levels in their lee. 
 
Although previous studies have provided valuable 
knowledge on energy dissipation by SBWs, and 
their effect on the circulation, it remains unclear how 
submerged structures impact wave driven water 
levels. Here we study the coastal water levels in the 
lee of impermeable SBWs with a 3D phase-
resolving wave-flow model. Our objective is to 
determine the influence of SBWs on the wave-
driven water levels at the beach, with the ultimate 
motivation to design SBWs that minimise coastal 
flooding. 
 
2. Methods 
 
2.1 Wave-flow model 
We apply the open-source non-hydrostatic wave-
flow model SWASH [13,14] to simulate the waves 
and water levels in the lee of SBWs. SWASH solves 
the 3D Reynolds-averaged Navier-Stokes 
equations for an incompressible flow with constant 
density. SWASH has been successfully predicting 
wave run-up for a range of field [2,5] and laboratory 
[14,1] cases. SWASH has also been validated for 
the wave-flow resulting from waves propagating 
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over barred beaches with rip channels [14], whose 
wave-driven flow pattern is conceptually similar to 
the one found in the lee of SBWs. 
 
2.2 Parameter space  
We modelled idealised shore-parallel impermeable 
SBWs (Figure 1), with dimensions commonly found 
in the field [6,7]. In this work we adopted the same 
terminology as [6] for the structure dimensions. The 
length 𝐿𝐿𝐵𝐵 and width 𝑤𝑤𝐵𝐵 of the SBW were fixed at 
200 and 10 m, whereas the crest submergence 
depth 𝑠𝑠𝐵𝐵 and distance to shoreline 𝑥𝑥𝐵𝐵 varied 
between 0.5-2.0 m and 100-250 m, respectively. 
Runs with 𝑥𝑥𝐵𝐵 of 100 m and 250 m corresponded to 
a 2-cell circulation with diverging flow at the 
shoreline, and a 4-cell circulation with convergence 
at the shoreline, respectively (not shown), which are 
the two typical circulation types behind SBWs [6]. 
We used a single spectral wave condition with 
offshore significant wave height 𝐻𝐻𝑆𝑆,0 of 1 m, peak 
wave period 𝑇𝑇𝑃𝑃 of 10 s, and we considered shore-
normal waves with a directional spreading of 10 
degrees. 
 

 
Figure 1  Top view of model domain (a) and cross-view 
schematic submerged breakwater (b). 

 
2.3 Model set-up 
We adopted a numerical wave basin with the SBW 
situated in the middle (Figure 1a). An alongshore 
uniform bathymetry was used, except for the 
presence of the SBW (treated as an impermeable 
structure). The offshore portion of the grid starts 
with a flat region (with extension of about 166 m) 
with still water depth of 8 m, then linearly increases 
with a constant cross-shore slope of 1:50. We note 
that the depth contours are static (i.e., without 
accretion or erosion). The model domain had 
alongshore and cross-shore extensions of 1880 and 
816 m, respectively. 
 

We used a curvilinear grid with cross-shore 
resolution varying from 2 (in the offshore) to 1 m 
(721 meshes), and a fixed alongshore grid of 4 m 
(468 meshes). Two vertical equidistant layers were 
used, with which we were able to resolve wave 
dispersion. The hydrostatic front approximation was 
used to represent wave breaking, and to capture the 
onset of wave-breaking we used SWASH default 
tuning coefficients [10] after confirming that similar 
wave heights are obtained with 20 vertical layers 
(not shown). An initial time step of 0.05 s was 
prescribed, with a target CFL of 0.4-0.8. 
  
In the wave maker we prescribed irregular waves 
with a JONSWAP spectrum with cycle of 300 𝑇𝑇𝑃𝑃 (or 
50 minutes), and we added the second-order bound 
wave [9]. We used cyclic (or repeating) boundary 
conditions in the alongshore, however, we note that 
with our extensive alongshore model domain the 
results in the domain of interest are representative 
for an isolated structure. 
 
The simulations had a total duration of 500 𝑇𝑇𝑃𝑃 (or 1h 
23 min), with the first 200 𝑇𝑇𝑃𝑃 (or 33 min) being 
counted as spin-up period before quasi-steady 
conditions are observed. The remaining 300 𝑇𝑇𝑃𝑃 (or 
50 min) were used for the output analysis of water 
levels, with which we calculated the wave heights 
and water level variables (see below). 
 
2.4 Water level calculation 
To determine the wave driven water levels in the lee 
of SBWs, we calculated three bulk variables, the 
wave set-up 〈𝜁𝜁〉 and two estimations for calculating 
the 2% run-up (𝑅𝑅2𝑝𝑝 and 𝑅𝑅2𝑠𝑠, see below). The set-
up is the time-averaged water level at the shoreline 
(Figure 2a), with the shoreline position being 
calculated as the first point from dry land seawards 
with a minimum threshold depth of 5 cm. To 
calculate the run-up, we first calculated the swash 
(i.e., the beach water levels minus the set-up), then 
applied a zero-down crossing method (see circles in 
Figure 2a), and with the water level peaks 𝑅𝑅’ 
(crosses in Figure 2) and their cumulative 
distribution function (Figure 2b), we calculated the 
2% exceedance level 𝑅𝑅’2. The 2% run-up 𝑅𝑅2𝑝𝑝 was 
then calculated as, 
 

𝑅𝑅2𝑝𝑝 = 〈𝜁𝜁〉 + 𝑅𝑅′.  (1) 
 
The other method to calculate the 2% run-up 
assumes that beach water levels follow a skewed 
Gaussian distribution [11], and is calculated as 
follows, 
 

𝑅𝑅2𝑠𝑠 = 1.1 �〈𝜁𝜁〉 + 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖
2
�,  (2) 

 
where 𝑆𝑆 is the significant swash, calculated by 
 

𝑆𝑆 = 4�𝜎𝜎𝑆𝑆2  (3) 
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where 𝜎𝜎𝑆𝑆2 is the variance of the swash. While 𝑅𝑅2𝑝𝑝 is 
a more used metric for coastal flooding, the 
advantage of 𝑅𝑅2𝑠𝑠 over 𝑅𝑅2𝑝𝑝 is that it is based on bulk 
properties and as such it is not as sensitive to 
sample duration as 𝑅𝑅2𝑝𝑝—note that 𝑅𝑅2𝑝𝑝 only 
accounts for the particular 2% peak water levels (i.e. 
6 events for 300 waves). The swash spectra (Figure 
2c) was computed with a Hanning window with 
segment length of 211 samples (or 412 s) with 50% 
overlap.  
 
We also calculated the significant wave heights 𝐻𝐻𝑆𝑆, 
 

𝐻𝐻𝑆𝑆 = 4�𝜎𝜎𝜂𝜂2  (4) 
 
where 𝜎𝜎𝜂𝜂2 is the variance of the water levels, and the 
mean water levels 〈𝜂𝜂〉 (note the distinction in the 
notation between the wave-setup 〈𝜁𝜁〉, calculated 
with (moving) beach water levels 𝜁𝜁, and mean water 
levels 〈𝜂𝜂〉, calculated all over the model domain with 
fixed (Eulerian) water levels 𝜂𝜂). 
 

 
Figure 2  Demonstration of aspects of run-up calculation. 
(a) Time series of water levels at the beach 𝜁𝜁, with the 
circles and crossing representing the location of zero-
down crossing points and the run-up (i.e., the peak water 
levels in-between), respectively—notice that 𝑅𝑅 and 𝑅𝑅′ 
correspond to the run-up referred to the still water level 
𝑆𝑆𝑆𝑆𝐿𝐿 and mean water level 〈𝜁𝜁〉, respectively. (b) 
Cumulative distribution function (CDF) of run-up 𝑅𝑅′, with 
which the 2% run-up 𝑅𝑅2𝑝𝑝 is calculated. (c) Swash 
spectrum, with the vertical dashed line representing the 

threshold frequency between the infragravity and sea-
swell components of run-up (𝑓𝑓𝑃𝑃/2, with 𝑓𝑓𝑝𝑝 being the peak 
frequency). 
 
3. Validation 
To validate our model, we compared the 2% run-up 
obtained by SWASH with the widely used formula 
from [11]—hereafter denoted S06—for predicting 
the 2% run-up. For the SWASH runs, we used the 
same model setup (see 2.3 and 2.4 above) as for 
our submerged structures cases, except for the 
absence of the structures (i.e., with an alongshore 
uniform seabed) and used different combinations of 
significant wave height 𝐻𝐻𝑆𝑆,0 (0.5-3 m) and peak 
wave periods 𝑇𝑇𝑃𝑃 (7-15 s). Results show that the 2% 
run-up generally matches with S06 formula (Figure 
3) and indicate that SWASH with our particular 
model set-up has skills to predict run-up. 
 

 
Figure 3  Comparison between the run-up 2% calculated 
by Stockdon et al. (2006) formula 𝑅𝑅2𝑆𝑆06 (𝑦𝑦-axis), and the 
2% run-up calculated by SWASH—𝑅𝑅2𝑠𝑠,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (a) and 
𝑅𝑅2𝑝𝑝,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (b). The dataset used for this comparison 
included simulations with varying incident wave height 
and peak wave period, and a 3D SWASH model with 
alongshore uniform bathymetry. SWASH results were 
averaged over the alongshore between 𝑥𝑥 of ± 500 m (i.e., 
the central portion of the model domain). 
 
4. Results 
To compute the influence of the SBW on the coastal 
water levels, we calculated the ratio of three 
variables—the set-up 〈𝜁𝜁𝑆𝑆𝐵𝐵𝑆𝑆〉/〈𝜁𝜁𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆〉, 2% run-up 
𝑅𝑅2𝑝𝑝,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑝𝑝,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆 and 𝑅𝑅2𝑠𝑠,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑠𝑠,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆—between 
the runs with and without the presence of SBWs 
with 𝑠𝑠𝐵𝐵 of 0.5 m and 𝑥𝑥𝐵𝐵 of 100 and 250 m (Figure 4). 
The set-up behind the structure increases for 𝑥𝑥𝐵𝐵 of 
100 m and decreases for 𝑥𝑥𝐵𝐵 of 250 m (Figure 4c). 
The effect of SBWs on the 2% run-up seem 
negligible, with 2% run-up being slightly higher for 
𝑥𝑥𝐵𝐵 of 100 m, and somewhat lower for 𝑥𝑥𝐵𝐵 of 250 m 
(Figure 4d,e). The swash spectrum of the runs with 
the SBWs (Figure 4a,b) shows similar patterns—
higher energy density for the infragravity bands—
both behind and away from them, which indicates a 
limited role of the SBWs on changing the swash 
behaviour. Overall, the presence of SBWs resulted 
in limited changes in the shoreline water levels in 
the lee of SBWs for these three variables (Figure 4). 
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Figure 4  Alongshore view (𝑥𝑥) of water level results for 
submerged breakwaters at distances 𝑥𝑥𝐵𝐵 of 100 and 250 
m. (a,b) Swash spectrum for the runs with 𝑥𝑥𝐵𝐵 of 100 and 
250 m, with the horizontal dashed line marking the 
threshold between infragravity and sea-swell motions 
(𝑓𝑓𝑃𝑃/2). (c) Ratio of set-up 〈𝜁𝜁𝑆𝑆𝐵𝐵𝑆𝑆〉/〈𝜁𝜁𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆〉, (d) 2% run-
up 𝑅𝑅2𝑝𝑝,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑝𝑝,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆, and (e) 𝑅𝑅2𝑠𝑠,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑠𝑠,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆 
between runs with and without submerged breakwaters. 
The alongshore limits of the submerged breakwaters are 
given by the vertical dashed lines. 
 
To further investigate the role of the SBW on 
shoreline water levels, we analysed the significant 
wave heights 𝐻𝐻𝑆𝑆 and mean water levels 〈𝜂𝜂〉 for the 
same simulations as above (Figure 5). For both 
cases, waves break over the SBWs, with wave 
heights reducing to half of their value, then are 
about constant until the second breaking point 
(x~50 m), next they progressively reduce until 
reaching the shoreline (Figure 5a). For the case 
without SBWs, waves gradually shoal until the 
breaking position (x~100 m), then wave heights 
progressively reduce up to the beach. At the 
shoreline, all three cases—𝑥𝑥𝐵𝐵 of 100, 250 m and no 
SBW—present similar significant wave heights. The 
mean water levels show a sharp decrease over the 
SBW crest (set-down) and increase (set-up) in their 
lee, then constant mean water levels until the 
second breaking position, followed by a sharp 
increase closer to the shoreline (Figure 5b). The 
case without SBWs shows a limited set-down until 
the breaking position, followed by set-up up to the 

shoreline. At the shoreline the mean water levels for 
the case without SBWs and the SBW with 𝑥𝑥𝐵𝐵 of 250 
m are similar, whereas they are slightly higher for 
the SBW with 𝑥𝑥𝐵𝐵 of 100 m (same as Figure 4c). 
 

 
Figure 5  Cross-shore view (𝑦𝑦) of (a) significant wave 
height 𝐻𝐻𝑆𝑆 (b) mean water level 〈𝜂𝜂〉, and (c) still water depth 
𝑑𝑑 for submerged breakwaters at distances 𝑥𝑥𝐵𝐵 of 100 and 
250 m and for case without submerged breakwaters. 
Results were taken at the grid centre (𝑥𝑥 = 0 m). 
 
Next, we explored other SBW geometries to verify 
how general are our previous findings from the 
SBWs with 𝑠𝑠𝐵𝐵 of 0.5 m and 𝑥𝑥𝐵𝐵 of 100 and 250 m. 
We calculated the alongshore average (behind the 
structure) of the ratio of set-up 〈𝜁𝜁𝑆𝑆𝐵𝐵𝑆𝑆〉/〈𝜁𝜁𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆〉�����������������������𝑦𝑦, 2% 
run-up 𝑅𝑅2𝑝𝑝,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑝𝑝,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆���������������������������𝑦𝑦 and 𝑅𝑅2𝑠𝑠,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑠𝑠,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆��������������������������𝑦𝑦 
between runs with and without SBWs for varying 
crest depths 𝑠𝑠𝐵𝐵 and distances to shoreline 𝑥𝑥𝐵𝐵 
(Figure 6). With all ratios presenting values close to 
1, results confim that structures have only a 
moderate effect on coastal water levels. The only 
variable with more than 10% absolute variation is 
the set-up (also shown in Figure 6a), however its 
variation is not sufficient to significantly alter the 2% 
run-up 𝑅𝑅2. 
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Figure 6  Effect of varying the crest depth 𝑠𝑠𝐵𝐵 (a,c,e) 
and distance to shoreline 𝑥𝑥𝐵𝐵 (b,d,f) of submerged 
breakwaters on the ratio of mean (over the 
alongshore) set-up 〈𝜁𝜁𝑆𝑆𝐵𝐵𝑆𝑆〉/〈𝜁𝜁𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆〉�����������������������𝑦𝑦, 2% run-up 
𝑅𝑅2𝑝𝑝,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑝𝑝,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆���������������������������𝑦𝑦 and 𝑅𝑅2𝑠𝑠,𝑆𝑆𝐵𝐵𝑆𝑆/𝑅𝑅2𝑠𝑠,𝑛𝑛𝑛𝑛−𝑆𝑆𝐵𝐵𝑆𝑆��������������������������𝑦𝑦 
between runs with and without their presence. The 
alonghsore mean was calculated between the 
alongshore limits of the structure ± half the distance 
from the structure to the shoreline 𝑥𝑥𝐵𝐵. 
 
5. Summary  
This paper presents an initial evaluation of wave 
driven water levels in the lee of idealised 
impermeable submerged breakwaters. We 
modelled the wave-driven flow resulting from waves 
propagating over typical geometries of SBWs with a 
non-hydrostatic phase-resolving wave-flow model. 
By calculating the wave set-up and the 2% run-up 
for runs with and without the presence of SBWs, we 
determined their influence on shoreline water levels. 
The wave set-up may increase up to 15% for SBWs 
closer to the shoreline (i.e., with a 2-cell diverging 
circulation), whereas it may reduce by 10% for 
SBWs farther away from the shoreline (i.e., with a 
4-cell converging circulation). The 2% run-up had 
less than 5% changes with the presence of SBWs. 
Overall, our results indicate that for the geometric 
properties of the impermeable SBWs considered, 
they did not significantly affect water levels and thus 
limit coastal flooding in their lee, which suggests 

that the coastal protection that they may offer is 
more likely via promoting accretion in their lee. 
 
We recommend 3D physical modelling of the wave-
driven flow of SBWs that include wave run-up 
measurements, which will contribute both to the 
understanding of wave transformation and wave-
flow aspects as well as help with further calibration 
of numerical models simulating coastal flooding in 
their lee. Further work with a dedicated calibrated 
model applied to a more extensive parameter 
space—which may include other wave conditions 
and structure geometries—will reveal for which 
conditions submerged breakwaters can be 
designed to minimise coastal flooding. Finally, we 
recommend further studies with an integrated 
approach towards coastal protection, considering 
both impacts to coastal water levels and shoreline 
response, to consolidate previous findings and 
improve design guidelines. 
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Abstract 
The Kamay Ferry Wharves project will reinstate a waterborne connection that existed between the two 
peninsulas that form the entrance to Botany Bay, Sydney, until storm damage destroyed the old wharves in 
1974. As well as their historical and cultural significance, the wharf locations are rich in ecological, heritage 
and aesthetic value. A key objective of the project from inception has been to understand, acknowledge and 
celebrate the cultural significance of the sites to the local Aboriginal community particularly through connection 
to culture, nature, land and water (Country), as well as create opportunities for meaningful community 
participation in the project across all phases. This strongly complements another key project objective of 
promoting ecologically sustainable development principles across the project. This paper presents the 
principles, Aboriginal community engagement and participation, and planning and design response initiatives 
adopted by the project towards ensuring that the wharves impart lasting positive cultural and ecologically 
sensitive outcomes for all.   
 
Keywords: ferry wharves, Indigenous engagement, co-design, heritage, marine ecology. 
 
1. Introduction 
La Perouse and the Kurnell Peninsula are located 
at the northern and southern sides of the ocean 
entrance to Botany Bay respectively, which lies 
approximately 14 km south of the Sydney CBD 
(refer Figure 1). Both sites have a diverse variety of 
land uses including residential, commercial and 
industrial precincts, as well as the Kamay Botany 
Bay National Park. The areas contain a rich array of 
items of historical, cultural and environmental value.  
 
The NSW Government is planning to reinstate ferry 
wharves at La Perouse and Kurnell. Reinstatement 
of the wharves will re-establish the waterborne 
connection that existed between the locations up 
until 1974 when the old wharves at these locations 
were destroyed by storms.   
 

 

 
These are places of historical and cultural 
importance for all Australians, with Kurnell the first 
meeting place between Aboriginal peoples and the 
crew of the Endeavour in 1770. As well as 
reinstating a physical connection, the project also 
aims to reinstate connection to culture, 
nature, land and water which are intrinsically linked 
as ‘Country’ to the local Aboriginal people, and 
provide social, cultural, economic and tourism 
benefits to the wider community. 
 
The project is part of the wider implementation of 
the Kamay Botany Bay National Park, Kurnell 
Precinct Master Plan [3] which looks to deliver on 
the vision to enhance the Kurnell Precinct of the 
National Park as a place of significance to all 
Australians that contributes to their sense of identity 
(the Kamay 2020 Project). 
 
Arup and a number of specialist collaborators have 
worked closely with Transport for NSW to provide a 
range of business case, design and environmental 
services to support the project through all lifecycle 
phases from feasibility to construction.  
 
This paper outlines the principles, engagement 
activities, and the planning and design response 
adopted by the project towards ensuring that the 
wharves impart lasting positive cultural and 
ecologically sensitive outcomes for all. It provides 
some key lessons for similar future infrastructure 
projects.  
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2. Project Overview 
The primary purpose of the project is to deliver 
wharf infrastructure that will enable the operation of 
a public ferry service (typical 100-250 passenger 
capacity) for use by visitors to the area and by the 
local community for cultural, recreational and (to a 
lesser degree) commuting purposes. The wharves 
would also be available for short-term use for 
tourism-related commercial vessels and the 
community including recreational boat users and 
fishers. 
 
Key design features of the wharves (refer Figures 2 
and 3) include a seaward fixed ramp structure with 
access both sides for ferry and recreational vessels 
all-tide berthing (70m long), a seated waiting area 
with roof shelter, and an approach jetty at a length 
to provide sufficient operational water depth 
extending approximately 100m and 150m for La 
Perouse and Kurnell respectively. Associated 
design features of the project include hard and soft 
landscaping at the entrance to the wharves, signage 
and lighting, car parking provisions and utilities to 
service the wharves.  
 

 

 

Expected key benefits from the project include: 
 
• Activation of investment opportunities leading to 

the creation of jobs and wider economic 
benefits, in particular to the construction, 
tourism and hospitality sectors; 

• Significant cultural, health and economic 
benefits to the local Aboriginal community; 

• Active transport alternatives facilitating mode 
shift away from private vehicle use;  

• Place making and amenity improvements;  
• Safer access for recreational fishers; and 
• Closing the missing link for walking and cycling 

around Botany Bay and along the coastline. 
 
A key objective for the project from inception has 
been to understand and acknowledge the cultural 
significance of the sites to the local Aboriginal 
community. This has led to the adoption of specific 
design principles and responses including the 
integration of Aboriginal cultural interpretive artwork 
into the built fabric of the wharves in order to embed 
themes of cultural and community heritage, past, 
present and future. More detail on this aspect of the 
project is provided in Section 7. 
 
There are unique characteristics of the project 
locations which has required particular focus for the 
design and planning of the wharves. The sites are 
known to contain sensitive marine ecological 
species (including the Nationally-significant 
Posidonia Australia seagrass), have a high potential 
for unrecorded Aboriginal and Non-Aboriginal 
archaeological artefacts, and are exposed to a 
relatively high-energy wave climate.  
 
The project is currently being assessed by the 
Department of Planning, Industry and Environment 
(DPIE) as State Significant Infrastructure (SSI). 
Commonwealth bilateral approval is also required 
due to the project deemed to potentially have a 
significant impact on Matters of National 
Environmental Significance (MNES) related to 
areas within the sites of sensitive seagrass and high 
heritage values. An Environmental Impact 
Statement (EIS) has been prepared involving 
specialist studies and input from a number of 
different government agencies, stakeholders and 
the community in response to the DPIE Secretary’s 
Environmental Assessment Requirements 
(SEARs).  
 
The SEARs specifically requires the project to be 
developed with meaningful and effective 
engagement of all stakeholders including Aboriginal 
groups and the community, ensure long term 
protection of the heritage significance of Aboriginal 
objects and places, and develop a design that is 
collaborative as much as possible with the 
community, user groups and other stakeholders.     
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3. Project Objectives and Design Principles 
 
3.1 Key Project Objectives  
In addition to setting the typical objectives of 
delivering the project to functional, safety, 
stakeholder, budgetary and program expectations, 
the project team established specific objectives to 
ensure that the project adopts:  
 
• meaningful engagement with the local 

Aboriginal community and that culturally 
sensitive outcomes are implemented; and 

• ecologically sustainable development 
principles. 

 
These objectives align with TfNSW’s and Arup’s 
Reconciliation Action Plans [1][4], the project’s 
Aboriginal Participation in Construction (APIC) 
commitments, and the Government Architect NSW 
Connecting with Country Draft Framework [2]. 
 
3.2 Design Principles 
At the outset of the project, a set of overarching 
design principles to guide the design process were 
established as an overlay to the core functional 
requirements for the wharves. These principles 
were informed by conversations with members of 
the local Aboriginal community and are as follows: 
 
• Wharves designed for all people; 
• Establish a sense of connection between the 

sites, but preserve unique identities; 
• Deeply embed cultural and historic themes and 

narratives; 
• Celebrate the interface between land and sea; 

and 
• Create ‘gateway’ experiences, not destinations. 

 
Engagement with the local Aboriginal community 
highlighted the importance for Country to be cared 
for appropriately and that the sensitive sites are to 
be protected to allow the continuation of traditional 
and contemporary cultural practices.  
 
The integrated design team consisting of architects, 
engineers and artists used the principles as a 
launch-pad to integrate the following core narratives 
voiced by the community:  
 
• The need to respect natural landscape which 

holds important cultural, spiritual and historic 
significance for the community; 

• There are favourable perceptions of the historic 
wharves for people who grew up in the area and 
for whom they represent positive memories;  

• Capturing and embedding cultural narratives 
and Aboriginal history into the design of the 
wharves, and promoting education and sharing, 
is important; 

• Recognise the cultural significance of the 
connection to land and sea; 

• Recognise the distinct and unique history, 
culture, identity and geography of the two sites 
as well as the connection between them; and 

• Create a sense of ownership and belonging for 
the local Aboriginal communities. 
 

4. Engagement with the Aboriginal 
Community 

 
4.1  Consultation 
Consultation by the project team to gain feedback 
and direction with key stakeholders and the 
community commenced from the initial 2016 
Feasibility Study and continued throughout all 
subsequent project phases. 
 
With one of the project objectives for undertaking 
meaningful engagement in mind, the team has 
worked to take the Aboriginal community ‘on a 
journey’ since the early project phases, prioritising 
the establishment, development and maintenance 
of an ongoing relationship with the La Perouse 
Local Aboriginal Land Council (LPLALC) as a key 
stakeholder with responsibilities for the protection of 
Aboriginal culture and heritage in the project area 
and as a potential participant during the operations 
phase.  
 
In addition, a number of community-controlled 
representative organisations and businesses have 
been consulted with including the La Perouse 
Aboriginal Community Alliance, La Perouse 
Government Interagency Forum Meeting, 
Indigenous Business Australia, La Perouse United 
Aboriginal Mens Group, and the Gamay Botany Bay 
Rangers who undertake natural and cultural 
resource management activities on cultural areas 
within Botany Bay.  
 
A wide range of consultation methods with the 
above groups and the wider community in general 
have been implemented including providing regular 
information and updates through social and local 
media and letter box drops, online and in-person 
presentations to community forums, and drop-in 
sessions at both wharf sites (refer Figure 4). 
Targeted meetings have also been held with 
recognised local Elders and community leaders. 
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4.2 Inclusive Participation  
The project has actively involved a number of 
Aboriginal people, organisations and majority-
owned businesses directly into the planning and 
design development phases. This has brought two 
main significant positive types of benefits:  
 
• Directly embeds genuine Aboriginal community 

perspectives into the delivery team to enhance 
appreciation and understanding of the 
community needs and likelihood of community 
endorsement on the project processes and 
outcomes, and  

• Provides employment, social and economic 
engagement opportunities for the parties 
involved.    

 
Examples of active inclusive participation in the 
project from Aboriginal parties include the following: 
 
• Representation of the Chairperson of the 

LPLALC on the Kamay 2020 Project Board 
which provides governance advice and 
direction to the project; 

• Direct inclusion of individuals identifying as 
Aboriginal into the project delivery team.  Arup’s 
services team included Marcia Ella-Duncan as 
a highly respected Aboriginal woman from the 
local community who provided ongoing 
strategic advice to the project with respect to 
Aboriginal perspectives particularly on 
engagement, project benefits realisation, and 
procurement. The consultation and architecture 
workstreams also included involvement by 
Aboriginal individuals;  

• Co-design with the project design team, the 
Aboriginal community, and local artists to 
translate stories into elements that will be 
incorporated in the design of the wharves 
(Gujaga Foundation). More details on this 
engagement are contained in Section 6); 

• Facilitation of a workshop on ‘Connecting with 
Aboriginal Communities’ with the aim to identify 
cultural design themes and opportunities for 
meaningful engagement across all project 
phases (Gujaga Foundation);  

• Identification of existing narratives and 
experiences of place to inform the design of the 
wharves and associated communications, and 
identify any gaps between these stories and the 
actions needed to use these stories for design 
and communications (Balarinji); and 

• Delivery of Aboriginal cultural awareness 
training to the project team (Gujaga Foundation, 
Gamay Rangers).  

 
Future opportunities for further inclusive Aboriginal 
participation in the project include: 
 
• Direct participation from Aboriginal-owned 

businesses and individuals in the construction 
of the infrastructure. Steps have been taken to 
inform the community early on the trades and 
specialist services needed to prepare capacity 
ahead of construction and provide as much 
information as possible to construction 
tenderers on potential eligible suppliers;    

• Ongoing environmental monitoring services 
and offsets implementation during construction 
and operation; and 

• Potential participation in a proposed public ferry 
service or other private tourism service 
associated with the wharves. 

 
Specific lessons learned: 
• Embedment of direct inclusion of local 

Aboriginal input and perspectives into the 
project planning and design is invaluable.   

• It is essential to gain and maintain community 
trust through providing early, open and regular 
opportunities for engagement and participation 

• There is a great opportunity for two-way 
knowledge sharing between the project team 
and the Aboriginal community during a project 
development phase which is beneficial to both 
parties. 

• Engagement strategies need to recognise the 
diversity of experiences and perspectives that 
may exist within Aboriginal communities.  

• Combining one-on-one engagement along with 
organisational engagement in the community 
has a deeper and more meaningful reach.  

• Increasingly statutory authorities are requiring 
proponents to demonstrate active inclusive 
participation of Aboriginal communities in the 
development and planning of public projects, in 
addition to more traditional consultation 
requirements. 
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5. Sustainable Design 
The key design principles that were tested through 
community engagement were responded to through 
design and planning measures alongside functional 
requirements. The responses also closely aligned 
with ecologically sustainable design principles. 
 
The wharves are designed to be secondary to the 
landscape. From the outset of the project, built form 
has been rationalised and minimised. During the 
design process, piles were reduced from two piles 
per headstock to a single centralised pile which 
reduces the visual impact, reduces the built mass 
and mitigates the impact to the sea floor. 
 
Land-side and water-side ‘gathering places’ are 
provided on both wharves. On the land-side, 
landscaped areas feature seating, new native 
planting and lookout points where people can 
interact with each other and engage with the 
environment. On the water-side, dedicated areas 
are provided with seating and an extensive shelter 
canopy. 
  
The expanded landscape zones at the threshold of 
the wharf platforms mark the commencement of the 
journey to the other side of the bay and enhance the 
‘gateway experience’. During engagements with 
local Aboriginal community, the significance of this 
journey has been raised. In response, the wharves 
have been designed as the start of a journey, rather 
than a destination in themselves.  
 
A consistent theme which has been raised in 
conversation with the Aboriginal community is the 
importance of the connection to the land and the 
sea. This has been expressed in a variety of ways, 
including through the fixed landing platform which 
steps down into the water revealing different stages 
of the tide, and with a perforated flooring material 
allowing views into the water below. The roof shelter 
has been designed to be expansive and with gently 
angled soffits to reflect sunlight from the surface of 
the water changing their appearance according to 
weather and wave conditions.  
 
The position and orientation of the wharves 
themselves have been designed to avoid impact on 
existing marine habitats including protected 
seagrass species as much as possible. 
Comprehensive seagrass and marine habit surveys 
were undertaken at different seasonal times of the 
year to be able to map out the existing types and 
extent of ecological species (refer Figure 5). This 
marine ecological mapping has been supplemented 
by knowledge shared to the project team by the 
Gamay Botany Bay Rangers and the University of 
New South Wales.      
 

 

 
To mitigate against impacts that cannot practically 
be avoided, a Marine Biodiversity Offset Strategy 
(MBOS) was developed by the project team in 
consultation with the NSW Department of Primary 
Industries (Fisheries) Department of Fisheries.  The 
MBOS sets out a range of practical measures to 
offset unavoidable impacts which includes a 
seagrass translocation and rehabilitation plan and 
investigation of other offset opportunities which may 
include artificial marine fauna habitat such as 
seahorse habitat structures, environmentally 
friendly moorings or research trials on 
environmentally friendly moorings. A pre- and post- 
construction seagrass monitoring program to 
measure construction impacts and assess offset 
mitigation outcomes is also included in the strategy.  
 
The construction contract also contains financial 
incentives for the contractor to minimise negative 
impact on seagrass and other habitats during 
construction.  
 
Specific lessons learned: 
• The ability of Aboriginal communities to care for 

Country, ensure sensitive sites are protected, 
advise on sustainable land and water use 
practices and assist with development 
proposals on Country, is becoming increasingly 
recognised. 

• EIS frameworks should be developed that 
promote and embed contributions by local 
Aboriginal community to EIS content so that 
“significance tests” can be better measured and 
aligned with local cultural significance.  

• Project development teams need to be 
cognisant of regular updates to planning and 
design policy relating to Aboriginal culture and 
heritage. 
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6. Cultural Interpretation Co-Design 
 
6.1 Overview 
It was understood early on that there is a strong 
desire from DPIE, the Project Board and local 
Aboriginal community for the project to integrate the 
sharing of stories of Country, culture and history, 
including memories of the original wharves, into the 
built fabric of the new wharves via a co-design 
process.  
 
The Gujaga Foundation was engaged to work with 
key people with ancient links to Kamay, the La 
Perouse Aboriginal community, Elders, knowledge 
holders, local artists, and the wider design team to 
translate stories into elements that will be 
incorporated into the wharves design expression. 
The Gujaga Foundation is a not-for-profit 
Aboriginal-owned organisation leading language, 
cultural and research activities within the La 
Perouse Aboriginal community. As a local and 
emerging consulting business it was chosen 
through a competitive procurement process for its 
ability to carry out effective engagement amongst its 
own community and contribution to local capability 
and capacity building. 
 
The approach taken to this co-design process is 
outlined below. This work built on the Kamay Botany 
Bay Interpretation and Storytelling Plan [5] which 
identified key themes to inform the design of 
interpretative elements throughout the National 
Park, including the new wharves, and prior local 
Aboriginal community engagement. 
 
6.2 Community Involvement 
The Gugaja Foundation’s approach to involving and 
ultimately obtaining endorsement from the wider 
community on the cultural interpretation process 
was one of providing an opportunity for anyone in 
the community to participate and share their stories, 
as well as targeted engagement with senior Elders 
and knowledge holders. 
 
An online survey was initially launched and 
promoted inviting members of the community to 
register an interest. For those parties that 
expressed an interest follow-up interviews were 
held to obtain further inputs. In parallel with this 
invitation of interest, the Gujaga Foundation also 
held targeted interviews and discussions with 
community leaders who were known to have a 
demonstrated cultural connection to the sites.  
 
During this time, a process was also undertaken of 
identifying and engaging artists to represent each 
wharf that has a strong connection to the Kurnell 
and La Perouse sites respectively. 
 
 

6.3 Design Integration of Cultural artworks 
The Gujaga Foundation Identified two artists from 
the local Aboriginal Community, with unique family 
and cultural links to each site.  
 
At La Perouse, various narratives and memories 
were identified amongst the local Aboriginal 
Community. These narratives spanned over a long 
period of time, from the retelling of ancient dreaming 
stories through the re-interpretation of a nearby 
(now largely eroded) stone carving, to more 
contemporary memories of the activities which 
undertaken by members of the Community, such as 
fishing, diving and the making and selling of 
artifacts.   
 
At Kurnell, a single theme was identified for 
interpretation. A dreaming story about the creation 
of the bay, by a significant ancestral being, was 
identified through further community consultation. 
This story has never been documented and has 
been passed down through the generations 
verbally.  
 
The artists interpreting the themes for each wharf 
worked closely with the project architectural team to 
express their artwork into the built form of the wharf 
structures. Following an initial briefing of the artists 
by the architects on the practical constraints and 
opportunities available to express their works, a 
series of collaborative working sessions were held 
to develop the designs and discuss aspects of 
materials selection and how the artwork can be best 
executed (refer Figure 6). These sessions proved 
invaluable in understanding the opportunities and 
constraints available to the team. The artists and 
architects worked side-by-side in the development 
of the design, using a range of media to explore the 
design at different scale – in both 2 and 3 
dimensions.  
 

 

 

336



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Kamay Ferry Wharves: Connecting with Country 
David Dack, Andrew Dooley & Ray Ingrey 
 
The artworks were initially produced through hand-
drawing and 2d-vector based linework, before being 
converted into 3d files which could be adjusted 
using parametric tools to generate options for 
application into the building design. The iterative 
process of testing and refinement was constantly 
passed between architects and artists, with both 
parties working across a range of programs to 
develop feasible designs which did not compromise 
on the cultural intent. As the artworks were 
developed, the architectural team began to bring 
suppliers and fabricators into conversations 
alongside the artists, to better understand the real-
world application of the artworks through process 
such as metal perforation and concrete 
sandblasting (refer Figure 7). 
 

 

 
6.4 Execution 
It is anticipated that once the construction contractor 
has been engaged in late 2021, the project team 
designers and local artists will work as 
collaboratively as possible towards ensuring that 
the developed interpretative design elements are 
authentically represented when physically 
implemented into the build. This will include 
interactions with fabricators and material suppliers, 
and briefings and inspections onsite.  
 
Specific lessons learned: 
• Aboriginal communities are becoming 

increasingly well placed to assist developers 
with arriving at culturally sensitive design 
solutions. 

• Value of industry standards and frameworks 
for developing connections with Country that 
can inform the planning, design, and delivery 
of built environment projects. 

• Place-led design approaches to infrastructure 
delivery are now expected. 

• Start the co-design process as early as 
possible in the design development program.  

• Set clear parameters for the artworks, but then 
be prepared to adjust them for best outcomes. 

• The process of design development greatly 
benefits from multiple in-person collaboration 
sessions between artists and designers, and 
robust design review processes.  

• Ensure a significant overlap between the 
development of conceptual artworks and the 
development of architectural drawings. Artists 
and architects must collaborate to inform and 
endorse the final outcomes. 

 
7. Conclusion and Next Steps 
Public infrastructure projects can make a significant 
contribution to the health and wellbeing of Country 
by valuing, respecting, and being guided by 
Aboriginal people. The Kamay Ferry Wharves 
project has shown that there are significant benefits 
to doing this in a directly inclusive way with 
meaningful community engagement and 
participation. Engagement in Aboriginal 
communities is more enduring when it includes 
collaborative planning and practical opportunities to 
participate. 
 
The wharves are programmed for construction 
completion in 2023. The measure of success of the 
project for the local Aboriginal community will 
ultimately be judged for how the wharves are 
perceived to enhance the connection to culture, 
nature and land, and the realisation of further social 
and economic development opportunities. 
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Abstract 
ASEAN countries are going through rapid industrialization and at the same time decarbonizing their 
economies. These countries electricity plan has a goal to shift to a clear and greener and lower carbon footprint 
for energy. Since LNG is recognized as a cleaner transition fuel and cost-effective energy option, it aligns with 
the policymakers' goal to supply electricity to the masses and to ensure energy security with the right energy 
mix.  
 
One of the critical aspects of any LNG-to-Power project is Marine Infrastructure. This includes jetty terminal, 
LNG Loading / Unloading facility, Mooring Facility, Quick and Safe Shutdown System, and Navigation Support. 
Based on the scale of the project the requirement of a regasification facility is determined and the marine 
infrastructure is designed and built to suit the requirement. Various projects in the ASEAN region include a 
permanent deployment of FSU either at the Jetty Terminal or offshore. There are various specialist studies 
involved in the development of Marine Infrastructures such as mooring analysis, compatibility study between 
LNGC and FSU or FSRU, compatibility study between LNGC and the Terminal, exclusion zone study, and risk 
analysis. 
 
Keywords: Energy, LNG, Power, Marine Infrastructure 
 
1. Introduction 
Liquified Natural Gas (LNG) is a natural gas, 
predominantly Methane, which is cooled down to its 
boiling temperature -162oC to liquid form.  There are 
various applications of natural gas such as 
producing electricity, heating, transportation, and 
cooking. The benefits of LNG include lower 
emissions, reduced carbon footprint, reduced fuel 
cost, less noise and cleaner engines, and lower 
maintenance costs. Due to these benefits, LNG has 
become the choice of energy users in the ASEAN 
region.   
 
This paper focuses on the use of LNG for power 
generation and the requirement of Marine 
Infrastructure for such facilities. This paper covers 
the following aspects: 
 

• General trends in the energy sector; 

• LNG logistics requirements for the power 
generation; 

• Marine infrastructures – Fast-track 
development of the project due to high 
demand for electricity in the region; and 

• Case study for a typical marine terminal of 
LNG-to-Power Project. 

 
2. General Trends – Energy  
The energy demand of some ASEAN countries 
such as Vietnam, Myanmar, and Malaysia is 
projected to increase in support of their economic 
growth after the slow down due to Covid-19 in the 
year 2020. A statement from Electricity Market 
Report December 2020 [1] mentions “The ASEAN 

community has put forward an ambitious project of 
regional development to support economic growth 
and the integration of higher shares of renewable 
energy. ASEAN as a region has a target of 
integrating 23% renewable energy by 2025.” 
 
Indonesia, as a fast-growing economy in Asia, has 
plans to increase renewables share of primary 
energy supply from 9.15% in 2019 to 23% in 2025 
and 31% in 2050 [1]. 
 
Singapore's electricity production is highly 
dependent on natural gas such as fuel. The fuel 
security in Singapore is ensured by import facilities 
through Malaysia and LNG terminals. Singapore’s 
96% of electricity in 2019 is almost entirely fuelled 
by natural gas [1]. 
 
Thailand's power sector has been heavily reliant on 
gas-fired generation. The share of green energy in 
Thailand has increased from the past few years, 
from around 12% in 2017 to almost 20% in 2019. 
Thailand has a broad set of policies to accelerate 
the uptake of cleaner energy. This includes 
renewable energy as well as LNG as part of 
Thailand’s energy Master Plan [1].  
 
Energy Industry Council DataStream [2] was 
referred to understand the upcoming projects 
related to the LNG logistics and LNG terminals. As 
stated in Figure 1, there are around $7200 millions 
USD projects currently at the midstream stage in 
ASEAN countries.  This reflects heavy dependency 
on LNG in the ASEAN region to meet their energy 
needs. 
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Figure 1. Upcoming projects values ($Millions) related to 
LNG in ASEAN countries. 
 
3. LNG Logistics Requirements for Power 

Generation  
LNG logistics is an important aspect for the LNG-to-
Power project. The cost of fuel is a major operating 
cost for any power generation plant. LNG fuel cost 
largely depends on the length of the logistic chain 
[3].  
 
US, Russia, and Australia have increased their LNG 
export, and they are the major source of LNG [5], 
besides Malaysia, for ASEAN countries. Thus, 
planning for the logistics chain for the transport of 
LNG from exporter countries to importer countries 
has become extremely important.  
 
LNG logistic chain includes the following: 
 

• Extraction of gas from the field; 

• Transporting gas to the liquification plant; 

• Transport liquified gas to the export terminal; 

• Loading of LNG into the LNG Carriers (LNGC)  

• Manoeuvring of LNGC to the destination 
country; 

• Breakbulk LNG into smaller parcel size and 
unload LNG from LNGC to small scale LNG 
Carrier (ssLNGC); 

• Transport ssLNGC to the destination marine 
facility; and 

• Unloading of LNG from ssLNGC and transfer to 
the power plant location through cryogenic 
pipes.  

 
A schematic diagram of LNG logistic chain is 
presented in Figure 2 . 
 

 
Figure 2. LNG Logistic Chain. 

 

It is necessary to estimate the consumption rate of 
LNG in power plants under the power purchase 
agreement. Not meeting power dispatch will impact 
the obligations under the PPA where a heavy 
penalty may be imposed on the power generation 
company. Thus, an Annual Delivery Program (ADP) 
is an important study during the project definition 
stage where LNG demand and supply are studied 
through various challenges/risks which could affect 
the delivery of LNG. Those challenges are weather 
events, available water depth near the plant site to 
bring the bigger LNG parcel size, port rules, traffic 
in the port, the distance of travel from the source 
country, and other site-specific constraints. The 
optimised LNG parcel size and frequency of LNG to 
the power plant is estimated by studying all the 
challenges that LNG logistics may face for smooth 
transport and supply. Figure 3 shows the supply 
side and demand side of the ADP with the 
challenges and risks mentioned which are required 
to be studied to balance the supply and demand 
side.   

 
Figure 3. LNG Annual Delivery Program (ADP) 

 
An upfront risk assessment and planning are 
necessary during the LNG-to-Power project 
definition stage. This risk assessment will be then 
reviewed during the operation stage and the 
necessary changes such as increasing the 
inventory by calling more frequent LNG cargos may 
be necessary to mitigate the risk of delivery during 
an unforeseen event such as extreme weather. 
 
4. Marine Infrastructures  
Marine infrastructure facilitates loading of LNG from 
the liquification plant into the LNGC and, unloading 
LNG from LNGC or ssLNGC to the power plant 
terminal.  
 
4.1.1 Marine Infrastructure Components  
Major marine infrastructure component includes: 
 

• A Floating Storage Unit (FSU) or a Floating 
Storage Regasification Unit (FSRU); 

• Loading/unloading facility such as Loading 
Platform; 

• Berthing and mooring facility such as Breasting 
Dolphins and Mooring Dolphins to facilitate 
berthing and mooring of FSU/FSRU and 
LNGC/ssLNGC; and 

• LNG transfer facility from Jetty Platform to the 
storage terminal such as sub-sea pipelines and 
pipe racks carrying cryogenic pipes. 
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A typical jetty layout of LNG receiving termina is 
shown in Figure 4 .  
 

 
Figure 4 LNG Receiving Terminal with FSU and LNGC.  

 
4.1.2 LNG Storage and Regasification  
The required storage and regasification volume, 
and the location of storage of LNG near the plant is 
a vital part of the planning. CAPEX of storage is 
typically high in the overall CAPEX of the project 
development, hence, correct sizing of the storage 
quantity is important for the feasibility of the project.  
 
Based on the required volume estimated from the 
ADP study, a decision is made to store LNG either 
in the storage tank on land or the permanently 
berthed vessel in the water near the terminal. 
Various studies have been done for different 
projects to compare the cost of storage and 
regasification facility of LNG on land near plant 
against the cost of storage of LNG and 
regasification facility on a floating vessel in 
sheltered water near the power plant. Due to cost 
competitiveness, the concept of FSU or FSRU has 
been widely adopted for most LNG-to-Power 
Projects [4]. 
 
Building a new FSU or FSRU is a time-consuming 
process. To meet the immediate power demand in 
the country, the schedule of power project 
development is generally short. For a fast-track 
project, it is widely adopted to convert an old LNGC 
vessel into an FSU or FSRU. This process reduced 
the overall duration of the project significantly.   
 
4.1.3 Specialist Studies 
Various specialist studies are required to be 
performed at different stages of marine 
infrastructure development. These are: 
 

• ADP study 
ADP will decide the required storage volume of 
LNG  

• Metocean Study 
Metocean study will define the environmental 
parameters to be referred to for deciding the 
best location of marine infrastructure and the 
basis of the design of marine infrastructures. 
Often the marine site is selected such that the 
environmental condition is calm. If not, the 
breakwater may be necessary and that will 

increase the CAPEX of the project 
development. 

• LNG Exclusion Zone Study 
This will define the safe zone around marine 
infrastructure where LNG transfer process 
happens.  

• Berthing analysis 
Berthing analysis is performed to select the 
required number, location, and size of the 
fender to be installed on the marine 
infrastructure as well as on the FSU to facilitate 
LNGC to FSU berthing  

• Dynamic Mooring Analysis 
Dynamic mooring analysis is performed when 
Ship-to-Ship mooring is necessary, for 
example, mooring of LNGC alongside FSU. 
This analysis will consider the dynamic 
behaviour of both the vessels under 
environmental parameters such as wind, wave 
and current, to determine the required number 
and capacity of mooring equipment on the 
FSU/FSRU as well as on the permanent 
mooring facility to moor FSU/FSRU.   

• Navigation simulation study 
The layout of marine infrastructure is checked 
for the safe navigation of vessels under site-
specific environmental parameters. This study 
is performed using Software such as 
REMBRANDT which will define the level of 
difficulties while navigating LNGC to the 
location of marine infrastructure. This study is 
referred by the pilot to gain confidence on the 
layout and berthing/deberthing of the vessel to 
and from the marine infrastructure. 

• Marine Traffic Risk Assessment 
Ports in some ASEAN countries are congested, 
hence a marine traffic risk assessment is 
performed to study the impact of additional 
vessel traffics, due to the new development, on 
the existing traffics at the ports in the near 
vicinity.  

• Quantitative Risk Analysis 
A Quantitative Risk Assessment study is 
performed to identify, quantify and plan to 
mitigate the risks during the design stage, and 
during the operation stage of the power plant. 

 
5. Case Study  
The case study presented here is for the first LNG-
to-Power Project in one of the ASEAN countries.  
 
The information provided was as below: 
 

• Power plant capacity of 350 MW. 

• Design life of 15 years 

• FSU of around 120,000m3 capacity with length 
overall (LOA) of 290m, beam of 46m, and a 
laden draft of 9m (partially laden) 

• LNGC with LOA of 195m, beam of 30m and 
laden draft of 9m  
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The above information was used to develop a 
conceptual layout of the marine infrastructure (also 
referred to as “Jetty”) required for the LNG receiving 
terminal. There were two important parameters 
considered for finalising the layout: 
 
1. LNG exclusion zone 
2. The extent of the jetty from the shoreline to keep 

the traffic in near vicinity unaffected.  
 
LNG Exclusion study was carried out, in accordance 
with BS EN 1473 to estimate the Exclusion Zone for 
the jetty based on unintended LNG release from the 
hoses and pipelines connection point from jetty 
platform to the FSU. The following two main aspects 
were considered for the study: 
 

• Individual Risk Level; and 

• Maximum credible Worst-Case Scenario 
(WCS) consequence extent.  

 
A safe exclusion zone of 166m was established 
based on the above risk aspects, as shown in Figure 
5. 
 

 
Figure 5 LNG Exclusion Zone   
 
Consultation with various stakeholders such as the 
port authority and owner of the nearby facility was 
carried out. The layout was consulted on and 
revised several times before being finalised. The 
final layout was then studied further for 
development. Figure 6 below shows the final layout 
of the marine infrastructure. 

 
Figure 6 Marine Infrastructure for LNG receiving facility  

 
The following studies were conducted for the 
development of the marine infrastructure: 
 

• Bathymetric survey; 

• Current measurement, wave measurement, 
and water sampling; 

• Soil investigation survey; 

• Metocean Analysis; 

• Sedimentation Analysis; 

• Dynamic mooring analysis; 

• Desktop navigation simulation; 

• Basic engineering of the marine infrastructure; 
and 

• Detailed engineering of the marine 
infrastructure. 

 
5.1.1 On-site Survey works 
On-site survey works conducted for this project 
were bathymetric survey, current, wave, and water 
sampling, and soil investigation survey.  
 
The bathymetric survey was carried out to estimate 
the seabed level at the jetty location. The extent of 
the bathymetry survey was decided from the 
finalised layout of the jetty. Before the survey 
begins, a survey line plot was prepared. The grid of 
the survey line plot was considered as 50m. the 
bathymetric survey was conducted on the approved 
survey lines. Figure 7 below shows the bathymetric 
survey results. 
 

 
Figure 7 Bathymetry Survey Results  
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As shown in the above figure, the maximum water 
depth available, at a low water level, at the proposed 
FSU location was around 9m. 
 
The information from the bathymetry survey was 
used to estimate the required depth of dredging at 
the berth location. The dredging layout was 
prepared based on the following: 
 

• Dredged depth – For FSU with laden draft of 
9m, dredged depth was estimated as 10m 
considering 1m as under keel clearance (Port 
Designer handbook) 

• Extent of dredging –   
Length – the length of the berth pocket was 
considered 350m. This is based on the 
clearance of 10% of vessel length on either side 
of the vessel.  
Width – the width of berth dredging layout was 
considered as 120m. to allow a margin of 
minimum 30m which is the beam of LNGC when 
both the vessels are at the berth.  
 

These margins in length and width are decided 
based on the past project experiences and the 
guidelines from PIANC 2014 Report No. 121, Port 
Designer Handbook, and BS 6349. Figure 8 shows 
a dredging layout plan at the Jetty.   

 
 Figure 8 Dredging layout  
 
Metocean survey was carried to measure the wave 
and current data at the site location. A detailed met 
ocean parameters i.e., wind, wave, current and tidal 
levels for normal operating conditions and cyclonic 
conditions were established using an inhouse global 
database, modelling and calibrating, for the use of 
detailed design, these are (Table 1): 

Table 1   Environmental parameters  

Wind speed – Operating Condition 9 m/s 

Wind speed – Cyclonic Condition 31.3 m/s 

Wave height – Operating Condition 0.3 m 

Wave height – Cyclonic Condition 1.5m 

Current speed – operating condition 1.5 m/s 

Current speed – cyclonic condition 2.7 m/s 

Highest High Tide +7.18m CD* 

Lowest Low Tide 0.00m CD* 

* CD is Chart Datum 
 
Geotechnical investigation considering 7 boreholes 
was carried out at the proposed jetty location as 
shown in Figure 9.  

 
Figure 9 Borehole location plan 
 
The average depth of all the boreholes was 40m. 
The soil at the jetty location was very soft clay at the 
seabed level and very dense sand (with SPT 
greater than 50) at 40m depth.  
  
5.1.2 Specialist studies 
The specialist studies that were carried out for this 
project was, met ocean analysis (as described in 
5.1.1), sedimentation analysis, berthing analysis, 
dynamic mooring analysis, and desktop navigation 
simulation.  
 
Siltation was a common problem at the proposed 
development location. A sediment model was 
developed to simulate sedimentation in the 
proposed FSU berth pocket. The sediment transport 
model used was a TUFLOW FV module which 
represents the interaction between the bed-
sediment and suspended sediment by modelling 
key processes such as suspension, advection and 
dispersion, settlement, and deposition.  
 
The result of sedimentation analysis showed a 
monthly average sedimentation rate at berth pocket 
of 0.64m. This result was further compared to the 
reported maintenance dredging volumes elsewhere 
in the same region and was compared reasonably 
well. The result of sedimentation analysis is 
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important for developing the maintenance dredging 
program for the terminal.  
A berthing analysis was carried out to calculate the 
energy absorbed from a vessel by fendering system 
using the following equation (BS 6349): 
 

𝐸𝑐 = 0.5𝐶𝑀𝑀𝐷𝑉𝐵
2𝐶𝐸𝐶𝑆𝐶𝐶 

 
where EC = Energy Absorbed; CM = Mass 
coefficient; MD = Displacement tonnage of the 
vessel; VB = Berthing Velocity; CE = Eccentricity 
coefficient CS = Softness coefficient; CB = Berth 
configuration coefficient  
 
A berthing energy factor of 2, and various correction 
factors such as velocity factor, angular correction 
factor, temperature correction factor, and 
manufacturer’s tolerance are applied to the normal 
energy absorption value, to estimate the design 
berthing energy. Table 2 below provides the 
calculated berthing energy and selected fenders. 

Table 2   Fender sizes  

 FSU to Jetty LNGC to FSU 

Design Berthing 
Energy  

711.7 kNm 490.82 kNm 

Fender  Cone Fender 
SCN 1600F0.9 

Pneumatic 
Fender 3300 x 
4500 

 
Dynamic mooring analysis was conducted 
considering double-banking of LNGC, FSU against 
the jetty. A total of 16 mooring lines were considered 
for the mooring of FSU to the jetty. LNGC mooring 
with FSU was considered with a total of 6 mooring 
lines as shown in Figure 10. Mooring line properties 
were as follows: 
 

• FSU – Steel wire with Minimum Breaking Load 
of 137t 

• LNGC – Polypropylene with Minimum Breaking 
Load (MBL) of 56t 

 
Figure 10 FSU + LNGC mooring arrangement  
 
A total of 48 mooring analysis run cases were 
considered with the different combinations of wind, 
wave, current and tidal parameters, to estimate the 
mooring line loads and vessel excursion under 
operating and extreme conditions.  
 
The results of mooring analysis showed that the line 
loads are less than 55% of the MBL. Maximum 
surge and sway of the vessel were less than the 
limiting value of 1m.  

 
Desktop navigation simulation was conducted for 
the largest vessel i.e. FSU using BMT in-house 
developed software REMBRANDT. Figure 11 
shows a snapshot of the simulation software. 
 

 
Figure 11 Desktop navigation simulation  
 
The simulation was conducted for various run cases 
with different currents, waves, and wind patterns. 
Time variant environmental parameters were input 
in the software to simulate the real-time vessel 
manoeuvring with respect to the changes in 
patterns of environmental parameters. Total three 
tugs of minimum 45t bollard pull and maximum 60t 
bollard pull were used in conducting the simulation.  
The simulation demonstrated that the navigation of 
FSU to the destination jetty location is safe under 
the given environmental condition.   
 
Basic and detailed engineering of the marine 
structures were carried out based on international 
standards such as BS 6349. The structural concept 
for dolphins and pipe trestle adopted was steel piles 
superstructure with concrete deck. Unloading 
platforms and pipe racks were constructed of 
structural steel superstructure members supported 
on steel piles. A combination of rake and vertical 
piles was used to reduce the deflection of the 
structure under predominant lateral loads. Figures 
12, 13 and 14 below show some examples of the 
structural system and design adopted for the marine 
structures. 
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Figure 12 Front Elevation of the Jetty showing steel piles, 
concrete decks, and walkways connecting the structures 
 

 
Figure 13 Jetty Side Elevation showing the pipe trestle, 
pipe racks and jetty platform  
 

 
Figure 14 Typical Side Elevation of the Jetty showing FSU 
and LNGC mooring alongside the jetty  

 
Engineering and construction work was carried out 
simultaneously to reduce the duration of the project.  
 
Before the beginning of the basic engineering, 
several workshops were held with the Contractor to 
understand the availability of material from both the 
local market and international market, limitations of 
the available construction equipment, and preferred 
structural type, The basic engineering was carried 
out in accordance with the discussion considering 
the available material grades, sizes in the market to 
reduce the procurement time. 
 

Basic engineering was carried out with an aim to 
estimate the sizes of major structural members such 
as steel piles, dimensional details of the concrete 
deck, reinforcement tonnage were estimated. The 
contractor ordered the construction material in 
accordance with the basic engineering. 
 
Upon completion of the basic engineering, detailed 
engineering was carried out to produce construction 
drawings that were used by the Contractor for 
construction.  This information was provided to the 
Contractor to begin the procurement. 
 
During the construction period, constant support 
was provided to review the Contractor’s submittals 
such as material approval sheet, method statement, 
construction records, and any other technical 
queries from the Contractor.  
 
6. Summary  

• LNG-to-Power fast track project is becoming 
increasingly popular in developing countries 
around southeast Asia, driven by electrification 
due to its affordability and reduced carbon 
footprint.  

• The studies for the development of LNG-to-
Power project involve proper planning of LNG 
logistics, ADP, storage, and operation facility 
since all these factors contribute significantly to 
the development and operation cost of the 
power plant.  

• FSU and FSRU are becoming popular in 
dealing with the storage and regasification of 
LNG, to reduce the land requirement of the 
power plant. These are quick-to-market and 
low-cost solutions for fast-track LNG-to-Power 
projects.  

• The engineering and consultancy project 
presented as a case study in this paper was 
completed in 4 months.   
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Abstract 
Wave energy converters (WECs) will have to be arranged into arrays of many devices to extract commercially 
viable amounts of energy. To understand the potential nearshore impacts of wave farms, most previous studies 
have relied on numerical models, as suitable field or laboratory data is largely absent due to the lack of multi-
WEC deployments. As such, the assessment of nearshore impacts over relevant field scales (order of 
kilometres and larger) has primarily relied on phase-averaged models that describe the space and time 
evolution of the wave spectrum, with WECs accounted for using transmission coefficients. However, several 
recent studies have assessed downstream impacts using phase-resolving models that arguably provide a 
more realistic description of the key physical processes such as wave-WEC interactions. Due to the lack of 
field and lab validation, it remains unclear whether the more simplified phase-averaged approaches provide 
reliable predictions of downstream impacts. To address this knowledge gap, we compared predictions from a 
coupled phase-averaged wave and flow model (Delft3D-SNL-SWAN) to a phase-resolving wave-flow model 
(SWASH) that intrinsically accounts for the relevant physics. The model comparison was made using a set of 
idealised simulations that considers wave farms composed of 10-WECs arranged in a different number of rows 
and offshore distances. Results suggest that nearshore impacts (e.g. changes in surf zone currents) predicted 
from the phase-resolving model are slightly larger than those predicted from the phase-averaged model. 
 
Keywords: wave energy, wave farm, nearshore impact, SWAN, SWASH. 
 
1. Introduction 
Global economic and industrial developments are 
expected to surge in the next few decades. This 
could result in a rapid increase in global energy 
demand all around the world. With growing 
concerns associated with climate change, 
traditional energy sources (e.g., fossil fuels) are 
likely to be transitioned to renewable sources (e.g., 
solar, wind and wave). As ocean waves are 
consistent and have a high energy density, wave 
energy could be a potential source of renewable 
energy with global wave resources estimated at 2 
TW [8].  
 
Over several decades, various WEC designs have 
been proposed and/or tested. To generate 
electricity on a commercial scale, WECs will have to 
be deployed in arrays also called wave farms. Due 
to their interactions with incident waves, wave farms 
can substantially alter local wave and flow fields. 
When deployed near the coast, wave farms may 
alter the nearshore circulation patterns due to the 
attenuation of the nearshore wave field [14, 16]. 
Such changes to the nearshore hydrodynamics may 
in turn alter sediment transport pathways and could 
lead to erosion and/or accretion of beaches [2, 7].  
 
To understand the potential nearshore effects of 
wave farms, existing studies have used phase-
averaged models due to their computational 
efficiency e.g., [1, 3, 7, 17, 19, 22]. Phase-averaged 
models (e.g., SWAN, WAM, WAVEWATCH and 

MIKE21-SW), in general, describe the statistical 
properties of the wave field (using linear wave 
theory) rather than resolving individual waves. They 
rely on coupling with circulation models like Delft3D 
and ROMS to include the mean currents. 
Furthermore, the impact of WECs on the wave field 
is parametrised in the phase-averaged approach. 
WECs are typically included as obstacles that 
absorb a portion of the wave energy. The absorption 
of wave energy depends on the power absorption 
characteristics of the WEC, which is typically 
provided by the so-called power matrix. Due to the 
lack of field/laboratory data, it remains unclear 
whether the more simplified approach could provide 
reliable downstream predictions of wave farms.  
 
Recently, several studies have proposed to use 
phase-resolving models to simulate nearshore 
effects by wave farms, due to their ability to provide 
a more direct simulation of relevant wave physics 
e.g., diffraction, radiation and scattering [12, 13, 23]. 
As they operate based on solving the basic 
conservation of mass and momentum balance 
equations, they can more accurately describe the 
wave transformation processes (e.g., shoaling, 
refraction, diffraction). Additionally, by capturing the 
wave-WEC interactions and including the phase 
information they produce more accurate 
downstream predictions of individual WECs or the 
wave farm. However, phase-resolving models 
remain computationally expensive. A recent study  
[13] demonstrated the capabilities of the phase-
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resolving model (SWASH) in simulating the wave-
WEC interactions in both linear and nonlinear wave 
conditions. Furthermore, phase-resolving models 
(e.g., SWASH) have been extensively applied and 
validated [5, 6, 15, 21, 24]. Therefore, it can also 
serve as a validation tool to the phase-averaged 
approach. 
 
This work presents a preliminary comparison of 
predicted nearshore effects due to wave farms from 
a coupled phase-averaged wave flow model 
(Delft3D-SNL-SWAN) to a non-hydrostatic phase 
resolving model (SWASH). The models were 
compared using a series of simulations over 
idealised bathymetry with a range of WEC farm 
designs and offshore distances. 
  
2. Models 
2.1 Phase-averaged model 
We used a modified version of the SWAN [4] model 
as the phase-averaged wave model. As the 
response of WECs to waves is frequency-
dependent in nature, their power absorption 
characteristics also vary with wave frequency. To 
account for this frequency-dependent wave energy 
absorption, Sandia National Laboratory (SNL) 
modified the SWAN wave model to incorporate a 
frequency dependent transmission coefficient now 
referred to as SNL-SWAN [18]. Phase-averaged 
wave models do not simulate mean currents and 
must be coupled to a circulation model. In this study, 
SNL-SWAN is coupled to the open-source Delft3D-
Flow module (version 4.03.01) which solves the 
shallow-water equations for incompressible free-
surface flow [11].  
 
To parameterise the influence of WECs in SNL-
SWAN, we calculated the power matrix for the WEC 
using the linear potential flow theory framework in 
combination with a linear frequency domain solution 
[20] to the rigid body equations. The excitation force 
and hydrodynamic coefficients (added mass and 
radiation damping) were obtained from a semi-
analytical solution to the linearised potential flow 
problem [9, 10]. The power matrix was computed for 
a range of significant wave heights (Hs) and peak 
wave periods (Tp) with a spectrum defined by 
JONSWAP. The power take-off (PTO) coefficients 
(a spring and damping coefficient) was modelled as 
a linear spring-damper and were optimised for each 
sea state to achieve maximum power absorption. 
 
2.2 Phase resolving model 
SWASH [25] is a non-hydrostatic wave-flow model 
that solves the Reynolds-Averaged Navier-Stokes 
equations for an incompressible fluid with constant 
density. Recent work by [13] has adapted SWASH 
to incorporate the submerged three tethered WEC 
and was subsequently used to study the impact of 
wave farms on coastal processes [14]. Here we 
used the modified version of SWASH developed by 

[13] as the phase resolving model. For more details 
regarding the model implementation and validation, 
the reader is referred to [13]. 
 
3. Methodology 
We consider a fully submerged nearshore WEC 
moored by three taught tethers (Figure 1). The WEC 
geometric parameters such as diameter (D) and 
height were kept constant throughout the study as 
25 m and 5 m respectively. The device was moored 
to the sea bottom in 20 m water depth and the 
submergence depth was fixed as 3 m. The volume 
of the WEC is calculated as 2.45  103 m3. The 
density of the buoyant actuator (BA) is fixed as 240 
kg m-3, with a resulting mass of 5.89  105 kg. The 
BA is moored using three tethers with each tether’s 
vertical inclination fixed as 60° and the horizontal 
angle between the tethers fixed as 120°. 
 

 
Figure 1. Sketch of the shallowly submerged three 
tethered point absorber based on WEC device by 
Carnegie Clean Energy.  

Due to different numerical implementation between 
the two models, some differences were evident 
even in the absence of wave farms e.g., due to the 
differing implementation of wave breaking in both 
models (not shown). However, in order to compare 
the models, we matched all the input variables as 
close as possible (e.g., bathymetry, WEC 
arrangement). 
 
Both models were run using the same idealized 
bathymetry with WEC farms of various 
arrangements and offshore distances placed on a 
flat bottom of 20 m water depth followed by a 1:50 
linear slope (Figure 2). The overall size of the 
domain was varied depending on the size of the 
wave farm, however, it remained consistent for all 
the simulations with an offset distance of 1 km from 
the wave farm to the lateral boundaries and 0.5 km 
to the offshore boundary (Figure 2 plan view). The 
SWASH simulations were the same as those used 
by [14] where cyclic boundary conditions were 
applied along the lateral boundaries and a constant 
bed friction coefficient of cf = 0.002 was used 
throughout the domain. The reader is referred to 
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[14] for more details on the model and settings 
(including grid resolution).  

 
Figure 2. Plan and sectional view of the idealized model 
domain.  

For the Delft3D-SNL-SWAN simulations, two grids 
were used as the wave and flow domain required 
separate grids. Based on our initial grid sensitivity 
study, we fixed the structured grid size as 12.5 m for 
both wave and flow domains. For the SNL-SWAN 
domain, wave forcing was applied uniformly along 
the offshore and lateral boundaries using a 
JONSWAP spectrum. The offshore boundary of the 
flow domain was set as a zero water level boundary 
(given that wave setup/setdown were negligible 
offshore), while Neumann boundary conditions with 
zero forcing were used on the lateral boundaries.  
 
In addition to the offset distance from wave farm to 
the offshore and lateral boundaries, the SNL-SWAN 
domain was further extended by about 0.5 km in 
order to minimise the effect of imposing the offshore 
wave conditions on the lateral boundaries. 
Diffraction in SNL-SWAN was turned off in this work.  
However, simulations with and without diffraction 
were carried out for a range of wave farms located 
1 km offshore and the results with diffraction on had 
little or negligible influence on the far-field changes 
(not shown). 

3.1 Wave farm parameters and wave 
conditions  

In this work, we focussed on the structured 
arrangements of wave farms composed of 10-
WECs. WECs in the farm were arranged either in 
two, three or four rows. The WEC’s inter-device 
spacing and row spacing were kept constant as 3D 
throughout the study. As the offshore distance (OD) 
of the wave farm is one of the key parameters that 

can influence the nearshore impacts significantly, 
we consider 3 ODs i.e., 1 km, 2 km and 3 km 
respectively. Altogether 9 different wave farms were 
considered and summarised in Table 1. For the 
different offshore distances considered in this work, 
we expect the nearshore effects to vary from small 
to large.  
 
Table 1 Wave farm parameters 

Number of 
WECs  

Number 
of rows 

Spacing 
(m) 

Offshore 
distance (km) 

10 2, 3, 4 3D 1, 2, 3 

 
Although we subjected the wave farms to a range of 
wave conditions, to highlight the influence of 
offshore distance of the wave farms, we considered 
one wave condition here, i.e., significant wave 
height (Hs) = 2 m, peak wave period (Tp) = 10 s and 
directional spreading (σθ) = 10.2°. For all 
simulations, directionally spread sea states were 
generated with a mean incident wave direction that 
was normal to the wave farm and the coastline. For 
each of the wave farm scenarios, a corresponding 
simulation was carried out in the absence of a wave 
farm to quantify the changes induced by the wave 
farm’s presence. 
 
4. Results 
The simulated predictions from the two classes of 
models were analysed to 1) quantify and 
understand the causes of any differences in their 
predictions and 2) quantify the influence of different 
offshore distances of the wave farm on the 
predicted nearshore hydrodynamic changes. 
 
4.1 Nearshore hydrodynamic changes – an 

illustrative example 
To illustrate the differences in the predictions, a 
wave farm composed of 10 WECs arranged in three 
rows and subjected to Hs = 2 m, Tp = 10 s and σθ = 
10.2° is shown in Figure 3. Both Delft3D-SNL-
SWAN and SWASH predicted qualitatively 
comparable wave attenuation patterns in the wave 
farm downstream. At the immediate lee of the wave 
farm, both models predicted a reduction of 45% to 
48% in Hs (alongshore averaged across the width of 
the wave farm). The phase-averaged model 
predicted about a 3% larger reduction in Hs 
compared to the phase resolving model. This is 
likely due to the different way WECs are 
represented in the models despite having similar 
PTO settings. As we are interested in the nearshore 
effects of wave farms, we compared the breaking 
wave height in the shadow of the farm.  At the wave 
breakpoint (x ~ 1600 m), both models predicted a 
similar reduction in wave height. The decrease in 
wave height (compared to the no WEC simulation) 
was reduced to about ~15% in both models as the 
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wave field “recovered” at an increasing distance 
downstream of the farm (not shown).  
 
Both models predicted shoreward directed mean 
currents in the lee of the wave farms driven by 
cross-shore gradients in wave heights (i.e., 
radiation stress gradients). The Delft3D-SNL-
SWAN predicted onshore mean flow was 
approximately 10% stronger compared to that 
predicted from SWASH. Furthermore, the onshore 
directed flow in the lee of the wave farm diverged 
much closer to the wave farm in SWASH (about 250 
m downstream) compared to 450 m for Delft3D-
SNL-SWAN.  
 
However, in the surf zone, both models predicted 
converging alongshore current patterns in the 
shadow region (y = -200 m to +200 m for the 
illustrative example, Figure 3) of the farm. This 
convergence was due to an alongshore gradient in 
the wave-induced setup as attenuated waves 
resulted in a reduced setup in the lee of the farm. 
The alongshore flows converged in the centerline of 
the farm where they became offshore directed, with 
the offshore directed currents extending ~500 m 
offshore in Delft3D-SNL-SWAN and ~350 m in 
SWASH. The predictions from Delft3D-SNL-SWAN 
were mostly symmetric, whereas, the SWASH 
results vary in the alongshore due to the (intrinsic) 
unsteady nature of the phase-resolving simulations 
which include transient flow features such as 
transient rip-currents and surf-zone eddies. 
 

4.2 Influence of offshore distance 
To understand the influence of offshore distance 
(OD) of the wave farm and to quantify the nearshore 
effects, we compared the predictions from both 
models for a wave farm composed of 10 WECs 
arranged in 3 rows located 1 km offshore to the 
same wave farm placed 3 km offshore. For 
illustrative purpose, we normalised the Hs in the 
presence of wave farm with the incident wave height 
Hi (in the absence of farm). Furthermore, we 
computed the perturbed depth-averaged velocities  
𝑈𝑈��⃗ − 𝑈𝑈��⃗ 𝑖𝑖  (where 𝑈𝑈��⃗  and 𝑈𝑈��⃗ 𝑖𝑖  are the depth-averaged 
velocity vectors in the presence and absence of 
wave farm respectively). The comparison between 
the models is shown in Figure 4 (panel a,b and e,f) 
where the influence of wave farms are highlighted 
in different colour shades. To compare the 
nearshore effects, we extracted the breaking wave 
height (Hbr) and cross-shore averaged the surf zone 
mean alongshore velocity components which we 
call Vm and shown in Figure 4 panel e,d and g,h 
respectively.  
 
Figure 4 shows both models predicted qualitatively 
similar patterns to the nearshore hydrodynamics for 
the two wave farms. Accounting for wave-WEC 
interaction in the SWASH model resulted in an 
increase in Hs in the upstream of each WEC. As 
expected, the wave farm located at a greater 
offshore distance resulted in smaller changes in the 
surf zone compared to the wave farm located close 
to shore with small spacing. This is consistent with 
both models (Figure 4a,b,e,f). Furthermore, 
Delft3D-SNL-SWAN predicted stronger onshore 

   
Figure 3. Significant wave height (colours) and depth-averaged velocity (arrows) for SWASH (a) and Delft3D-SNL-
SWAN (b), for the closely spaced (3D) wave farm (10 WECs arranged in three rows) located 1 km offshore that was 
subjected to a representative wave condition (Hs = 2 m, Tp = 10 s, σθ = 10.2°). The black dotted vertical line in panel 
a) and b) indicates the start of the slope region (from 20 m to 0 m water depth) and the solid black line indicates the 
10 m depth contour. 
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flows in the direct lee of the wave farm compared to 
SWASH (for both wave farms). The onshore flow 
from Delft3D-SNL-SWAN extended downstream up 
to about 1600 m (e.g., Figure 4f), whereas in 
SWASH, the downstream flow diverged at about 
250 to 300 m downstream. Despite these 
differences, both models predicted similar 
nearshore alongshore flows in the shadow region of 
the farms, with reduced intensities for OD = 3 km 
compared to OD = 1 km.  
 
For OD = 1 km, the Hbr reduced by about 15% 
(alongshore averaged for the width of wave farm) 
with respect to the no wave farm scenario for both 
models (Figure 4c, g). For OD = 3 km, the Hbr 
reduced to about 3 to 5% for both models. Despite 
a number of quantitative differences observed 
between the two models in the spatial patterns 
(Figure 4a, b, e, f), there were only marginal 
difference between the models when comparing Hbr 
in the surf zone (Figure 4c, g) for both the wave farm 
cases considered. Differences between both 
models were even smaller when considering the 

surf zone-averaged alongshore velocity (Figure 4d, 
h).  
 
5. Summary comparison 
To quantify differences between the two classes of 
models, we first calculated the difference in Hbr in 
the presence and absence of wave farms for both 
models which we call ∆𝐻𝐻𝑏𝑏𝑏𝑏. We normalised ∆𝐻𝐻𝑏𝑏𝑏𝑏  
with the alongshore mean breaking wave height in 
the absence of the wave farm and calculated the 
mean for the width of the wave farm which we call 
as �∆𝐻𝐻𝑏𝑏𝑏𝑏,𝑛𝑛�𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛. Similarly, we calculated the 
difference for Vm and alongshore averaged for the 
width of the wave farm and referred as |∆𝑉𝑉𝑚𝑚|𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛. 
The comparison across all the wave farm cases 
indicates that in most instances the predicted 
nearshore effects from SWASH are larger than 
those predicted by Delft3D-SNL-SWAN (Figure 5).   
 
As expected, the nearshore impacts were reduced 
with increasing offshore distance of the wave farms. 
The reduction of impacts is greater when the 
offshore distance was varied from 1 km to 2 km 

 
Figure 4. Comparison between the two models for a wave farm located 1 km and 3 km offshore subjected to a 
representative wave condition (Hs = 2 m, Tp = 10 s, σθ = 10.2°). In panel a), b) and e), f), the normalised wave height 
(colours) and the depth-averaged flow difference (arrows) from SWASH and Delft3D-SNL-SWAN predictions are 
shown. Red dashed line in panel a), b) and e), f) indicates the bottom slope region from 20 m to 0 m water depth and 
solid red line indicate the 10 m water depth. Panel c), g) and d), h) shows the breaking wave height (Hbr) and surf zone 
averaged mean alongshore velocity (Vm).  
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(Figure 5). Whereas, the reduction of nearshore 
impacts were smaller with a further increase in the 
offshore distance to 3 km. Differences between the 
two models are typically the largest (smallest) for 
the wave farms closest (farthest) to the shoreline 
(e.g., Figure 5a). To quantify differences between 
the model predictions we computed the correlation 
coefficient (R). Overall, predictions by both models 
were mostly in agreement as demonstrated by the 
high correlation coefficient (R>0.9) in Figure 5. 
 
6. Conclusion 
Nearshore effects of wave farms from a coupled 
phase-averaged model (Delft3D-SNL-SWAN) were 
compared with a non-hydrostatic phase resolving 
model (SWASH). In this paper, we mainly focussed 
on the influence of offshore distances of the wave 
farms. The overall comparison between the two 
classes of models based on a series of idealised 
simulations with a representative wave condition 
reveals that both models predicted qualitatively 
similar changes with reduced wave heights near 
shore and generation of converging nearshore 
mean currents. We found that large difference 
between the models were identified in the wave 
farm region that was likely due to differences in the 
representation of WECs in each model.  
 
Differences between the two models were smaller 
at increasing offshore distance from the farm. Inside 
the surf zone, predictions by both approaches were 
similar, although SWASH generally predicted larger 
impacts, especially for wave farms in relative 
proximity to the coast. Despite differences in details 
of the nearshore wave and flow fields, both models 
predicted broadly similar patterns in the nearshore 

hydrodynamics for the range of wave farm designs 
considered in this paper. Furthermore, both models 
agreed that nearshore effects (changes to the 
nearshore hydrodynamics) were largest for wave 
farms located closest to the shore (1 km); whereas 
impacts were smallest for wave farms at a greater 
offshore distance (3 km). 
 
This work presents the early stages of the study, a 
more detailed comparison for a variety of wave farm 
parameters (e.g., different spacings, number of 
WECs) subjected to different wave conditions will 
be considered for future work.  
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Abstract 
An operational beach erosion early warning system has been developed for the City of Gold Coast. The tool 
is being used to proactively identify at-risk infrastructure that might be impacted by beach erosion, and to plan 
for recovery by prioritising work areas based on the forecast erosion along the coast. The system has been 
developed using the EVO shoreline evolution model and Delft-FEWS platform and has been operational since 
the Summer of 2020/2021. 
 
In 2013, a sophisticated and efficient EVO model was developed for the Gold Coast, extending from the Tweed 
River entrance to South Stradbroke Island. The system included dynamically coupled cross-shore sediment 
transport, longshore sediment transport, and parametric shoreline equilibrium profiles models and was 
originally used to hindcast historical shoreline change since 1960 and to assess long-term shoreline evolution 
due to future sea level rise. In 2020, the EVO model was implemented within Delft-FEWS and extended to 
cater for short-term shoreline change based on tide, wave, and meteorological forecasts.  
 
The system integrates the latest beach profile survey datasets with the most recent meteorological forecasts, 
and provides for consistent data quality, standardised work processes, visualisation and reporting. The Delft-
FEWS implementation collects and processes locally observed wave buoy and tide gauge data as well as 
forecast data required to run the EVO model. The resulting forecast beach profiles and shoreline position are 
presented together with the most recent beach profile survey data for ease of interpretation. All tasks are run 
automatically overnight and presented to the City at the start of each day.  
 
Forecast uncertainty is simply catered for through an ensemble simulation approach that provides ‘expected’, 
‘upper’ and ‘lower’ bound results based on localised scaling factors applied to the wave forecast. Further 
development and calibration of the system will be supported by the City’s ongoing commitment to coastal data 
collection. 
 
Keywords: beach erosion, storms, early warning, beach management, beach infrastructure  
 
1. Introduction 
The City of Gold Coast (the City) has been a leader 
in coastal management for more than 50 years, 
driven by the need to protect urban development 
and its shoreline from the impacts of storms. A suite 
of innovative policies, research, technologies and 
beach management techniques have been 
implemented on the Gold Coast and subsequently 
acknowledged and adopted as best practice 
throughout the world. An operational Beach Erosion 
Early warning System (BEES) has been recently 
added to the suite of tools to support the extensive 
coastal management program. 
 
1.1 Erosion at Gold Coast 
Due to the orientation and exposed nature of the 
Gold Coast coastline, Gold Coast beaches are 
particularly exposed to the high energy wave 
climate and vulnerable to coastal erosion. The 
proximity of infrastructure to the beach is also at a 
great risk to coastal erosion. Since the 1960’s, the 
Gold Coast has been subjected to a number of 
severe swell events such as the series of Tropical 
Cyclones (TC) and east coast lows in 1967 [1]. This 
cluster of events caused severe erosion (refer to 
Figure 1). A stronger emphasis on coastal 

management for the Gold Coast (and Australia 
more broadly) followed this well documented period. 
 

 

In 2009 and 2013, TC Hamish and ex-TC Oswald 
impacted Gold Coast beaches. Both events resulted 
in major damage to coastal assets and the 
recreational and social values associated with the 
Gold Coast. The challenges faced during these 
times impacted the City’s image and the regional 
economy.  
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More recently (since 2017), the Gold Coast has 
experienced six severe weather and swell events 
(significant wave height exceeding 3.5m). 
Specifically, TC Oma in February 2019 and more 
recently an unnamed low-pressure system in 
December 2020, produced significant wave heights 
exceeding 4m. Due to the 2017 Gold Coast beach 
nourishment program [2], the beaches have 
remained resilient during all six swell events. The 
extent of issues requiring maintenance are limited 
to some minor scarping and exposure of the A-line 
seawall at the northern beaches (Narrowneck to the 
Spit).  
 
1.2 Coastal Management Program 
To ensure the Gold Coast beaches are protected, 
the City developed the Ocean Beaches Strategy 
(OBS) 2012-2023 in consultation with the 
community. The OBS is an overarching 
transformation strategy endorsed by Council to 
facilitate the management of Gold Coast beaches. 
The strategy sets the direction on protecting the 
coast from erosion and other hazards.  
 
Through the OBS, the City invests heavily in 
managing and caring for the Gold Coast coastline, 
working with industry, universities, government 
departments and the community to keep the 
beaches and coastal environments healthy and 
protected. The City works all year round to manage, 
maintain and protect coastal assets and values. 
Ongoing projects include: Artificial reefs at Palm 
Beach and Narrowneck; large scale beach 
nourishment campaigns; annual creek dredging and 
sand relocation; seawalls; dune management; and 
sand pumping stations (in the North at the Spit, in 
the South at Tweed Heads). 
 
1.3 Coastal Monitoring 
Coastal monitoring programs are essential for the 
effective management of urban beaches and for 
understanding and implementing appropriate 
engineering interventions. The City has had a 
continuous monitoring program in place since 1966 
and consists of a range of data sources and 
management tools.  
 
The topographic and hydrographic survey dataset 
collected by the City since the 1960s (including the 
ETA-line cross-sectional beach profiles) provides 
the largest ongoing dataset of coastal change for 
the Gold Coast ocean beaches. The City also 
collects Lidar and satellite derived bathymetry. 
Aerial photography has been captured for over 80 
years, and fixed coastal cameras have been in 
operation since 1999. Now the 32 km of Gold Coast 
open ocean coastline is within the field of view of the 
ARGUS camera network. Metocean data (including 
a network of wave buoys and tide gauges) has been 
collected in collaboration with other government 

agencies since 1987. Both natural and artificial 
reefs are monitored for their ecology, biodiversity 
and vegetation cover using drones and remotely 
operated vehicles.  
 
Having implemented such an established and 
diverse data monitoring program, the City has 
integrated these data sources to develop innovative 
data tools and techniques. The tools and techniques 
utilised provide information on erosion risk to 
infrastructure during swell events (through the 
BEES described in this paper), the beaches' health, 
benefits of past projects, and the delivery of the 
City's capital and operation work program.  
 
1.4 The Problem 
Erosion and accretion are the natural responses of 
the beach to variations in the wave climate and 
water level. Erosion becomes a ‘problem’ when 
assets and infrastructure are located close to or 
within the natural variability of the upper beach and 
dune position. The City identified a need to 
understand the open coast erosion risk from storm 
events to inform disaster planning and post-storm 
beach maintenance prioritisation.  
 
The Gold Coast coastline has many coastal assets 
along the beach, including showers, access points, 
viewing platforms and coastal pathways, an 
example at Rainbow Bay is shown in Figure 2. 
These assets need to be managed in the context of 
potential erosion events. For example, showers 
may be temporarily removed, access points closed, 
and emergency sand works undertaken to protect 
land-based assets and maintain public safety.  
 

 

The City identified an opportunity to improve 
procedures and provide better advice to all 
stakeholders in relation to forecasting the potential 
beach erosion during forecast severe storm events. 
To address this need, an early warning system with 
an operational shoreline model has been developed 
(BEES).  
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2. Shoreline Modelling 
2.1 EVO General Description 
The EVO shoreline process model was originally 
developed in 2013 with a focus on medium to long-
term shoreline evolution [3]. At the time of 
development, EVO included the following key 
features: suitability for medium- to long-term 
simulations (years to centuries); continuous 
(timeseries) forcing by offshore wave climate and 
nearshore water levels; representation of complex 
shorelines using a flexible curvilinear grid; use of an 
external wave model derived wave transformation 
tables; inshore wave transformation to breaking 
using linear theory; coupled long-shore and cross-
shore shoreline response; longshore transport 
based on the CERC formula; cross-shore response 
based on an equilibrium profile concept [3]; 
representation of controls including groynes and 
headlands; and representation of seawalls and 
reefs. 
 
Elements of the EVO model, including the cross-
shore parametric model, were developed from 
research projects undertaken at the University of 
Queensland and based on northern New South 
Wales and southeast Queensland beaches [3],[6]. 
Key elements of the EVO modelling system are 
illustrated in Figure 3. 
 

 

 
2.1.1 EVO Model Updates 
The EVO framework has been recently extended to 
cater for short-term erosion forecasts. This 
development focused on: using publicly available 
global numerical weather and wave forecasts to 
derive the model boundary conditions; and 
implementation of EVO within Delft-FEWS.  
 

The project described in this paper adopted 
Maritime Safety Queensland (MSQ) astronomic tide 
predictions, National Oceanic and Atmospheric 
Administration (NOAA) GFS and NOAA Wavewatch 
III (WWIII) 7-day forecasts, however other products 
can be readily incorporated. 
 
2.2 Gold Coast EVO Model Configuration 
The Gold Coast EVO Model extends from South 
Stradbroke Island to south of the Tweed River 
entrance. The model grid resolution ranges from 
100m to 500m and is illustrated in Figure 4. The 
ongoing ETA-line survey datasets provide the basis 
for the model bathymetry and upper beach profile. 
This long-term record also provides a valuable 
source of data for model calibration. 
 
For hindcast simulations, the offshore wave 
boundary conditions are derived from the Brisbane 
(Point Lookout) Waverider buoy which has the 
necessary directional data from 1997 to present 
day. Wave transformation tables from the Brisbane 
buoy to 63 nearshore locations, developed from a 
series of nested SWAN wave models, provide the 
central input to the Gold Coast EVO model, which 
interpolates the prevailing nearshore wave 
conditions at each time step from the input deep 
water time series. Representative offshore water 
level boundary conditions are obtained from the 
Gold Coast Seaway tide gauge measurements. 
 

 

In forecast mode, the wave boundary condition is 
derived from NOAA WWIII outputs with an initial 
transformation based on a statistical comparison of 
the Brisbane wave buoy and NOAA WWIII long term 
records, before being transformed to the 63 
nearshore locations. The total water level is 
constructed from the MSQ Gold Coast Seaway 
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astronomic tide predictions and the tidal residual 
(anomaly) calculated from the NOAA GFS forecast 
winds and atmospheric pressure. Table 1 provides 
a summary of the model inputs for hindcast and 
forecast mode simulations (see also section 3.2.3). 
 
In addition to the key wave and water level inputs, 
the southern boundary is forced with a constant 
550,000 m3/year sediment supply rate 
(representative annual average volume 
mechanically bypassed at the Tweed River 
entrance), while the northern model boundary is 
pinned. Other sediment sources are included to 
account for annual beach nourishment and back 
passing campaigns. The model is run on an hourly 
timestep to have sufficient temporal resolution to 
capture storm events. 
Table 1   Summary of the Gold Coast EVO boundary 
condition sources 

Input Hindcast mode  Forecast mode  
Beach 
survey 

ETA profiles ETA profiles 

Waves Brisbane 
Waverider buoy 
recordings 

NOAA WWIII forecast 
(with statistical 
transformation) 

Water 
Level 

Gold Coast 
Seaway tide 
gauge 
recordings 

Astronomic tide 
prediction + residual 
calculated from NOAA 
GFS forecast 

 
2.3 Gold Coast EVO Model Calibration  
Validation of the wave modelling system and 
transformation results was performed against a 
range of datasets, including the Gold Coast 
Waverider buoy data described above and targeted 
nearshore measurements at Kirra, Tugun, Palm 
Beach, Burleigh and Narrowneck [1]. 
 
The historical ETA-line survey dataset provides a 
valuable record of beach cross-sectional profiles 
and shoreline position measurements. This 
provides data for parametrising the cross-shore 
model and validating the shoreline response model. 
The process involved geometrically fitting the cross-
shore parametric model to survey data using the 
following parameters: dune elevation; dune slope; 
transition slope; offshore profile slope and vertical 
origin; erosion response timescale; and accretion 
response timescale. 
 
Example cross-shore model parametrisation and 
calibration results for a short-term erosion event at 
Kirra Beach and Narrowneck are shown in Figure 5. 
The calibration focused on the dune and upper 
beach profile (from which shoreline position can be 
determined) and the offshore profile slope. 
Simulation of the offshore bar migration is also 
captured generally, noting that accurate detail of the 
bar dynamics is not the focus of the parametric 
modelling approach. 
 

 
Figure 5   Example cross-shore model parameterisation 
and calibration results, Kirra Beach (top) and Narrowneck 
(bottom) 

The calibrated model was then further verified using 
a long-term hindcast simulation from 1997 to 2019. 
The modelled and surveyed shoreline position at 
Kirra Beach is compared in Figure 6. The long-term 
shoreline position trends are generally predicted 
well, noting some periods where beach accretion 
appears to be over-predicted. This is an artefact of 
the parametrised longshore and cross-shore profile 
modelling approach and difficulty in inferring the 
‘shoreline’ from the survey data when the intertidal 
beach is relatively wide and flat.  
 

 

 

 
Figure 6   Example model validation results at Kirra 
Beach: 1997 to 2019 hindcast (top), and short-term 
erosion associated with TC Hamish (middle) and ex-TC 
Oswald (bottom); black rectangle indicates the timing of 
the storm event 

The apparent over-prediction in beach accretion 
from 2010 to 2012 follows a period of significant 
shoreline change at Kirra Beach linked to the 
regional sand management approach, including the 
volume bypassed at the Tweed River entrance and 
southern Gold Coast beach nourishment activities. 
It appears the longshore transport parametrisation 
has underpredicted the observed net northerly 
transport at Kirra Beach over the 2010 to 2012 
period (and therefore overpredicted beach 
accretion) as the shoreline adjusted to a greatly 
increased supply due to sand bypassing operations. 
Beyond 2012, when the sand supply returned to a 
regime that was closer to equilibrium with the wave 

355



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Operational Beach Erosion Early Warning System (BEES) 
Matthew Barnes, Simone De Kleermaeker, Ian Teakle and Courtney Wharton 
 
driven longshore transport, the model 
parametrisation performs well. 
 
Importantly, Figure 6 indicates the response to 
short-term erosion is captured well, with the model 
comparing favourably with pre- and post-storm 
surveys. The model result at Kirra Beach shows that 
erosion associated with TC Hamish was relatively 
small compared to an unnamed storm event that 
occurred a few weeks later and prior to the ‘post-
storm’ survey. It is assumed this storm was less 
intense than TC Hamish but occurred when the 
beach condition was already in an eroded state and 
therefore vulnerable to a subsequent event. This 
also illustrates how the model can accurately 
capture storm clusters and shoreline evolution over 
the days and weeks following an event, making it 
well suited to an operational forecasting system. 
 
3. Operational forecasting system 
3.1 Delft-FEWS 
Delft-FEWS is freely available expert software that 
handles large amounts of forecast data efficiently, 
integrates the latest observations with the most 
recent meteorological forecasts and provides for 
standardised work processes, consistent data 
quality, visualisation and reporting. Delft-FEWS can 
orchestrate massive computations on dedicated 
hardware, in the cloud, or both, and allows for 
remote collaboration between multiple experts 
working and interacting with the same data [8]. 
 
Delft-FEWS consists of a sophisticated set of 
configurable modules for building a hydrological or 
hydrodynamical forecasting system customised to 
the specific requirements of an individual 
organisation. It was designed to support the flood 
forecasting process, but due to its flexible and 
modular structure, it is also very well suited to 
support day-to-day operational management, real-
time control and forecasting and warning in other 
disciplines, like water quality, reservoir 
management, hydropower, navigation, ground-
water, drought and dike strength monitoring. 
 
3.1.1 Delft-FEWS and Erosion forecasting 
The application for the Gold Coast is one of the first 
operational beach erosion forecasting systems 
incorporated with Delft-FEWS. It demonstrates the 
flexibility of the open philosophy of Delft-FEWS 
towards data types and models.  
 
3.2 Beach Erosion Early warning System 

(BEES) 
BEES collects and processes observed buoy data 
as well as forecast data required to run the EVO 
model on a daily schedule. The resulting forecast 
beach profiles are presented together with the most 
recent beach profile survey data for ease of 
interpretation. All tasks are run automatically 

overnight and presented to the City coastal 
management officers at the start of the day. 
 
3.2.1 Observed data  
Observed data for water level (tide) and waves is 
collected for the nearby buoys and gauges [9]. This 
data can be viewed together with the forecast data 
that is used to force the EVO model. This combined 
view of observed and forecast data helps to create 
situational awareness. 
 
The MSQ astronomic tide predictions up to 5 years 
into the future are ingested into BEES. This data is 
used to prepare the boundary conditions for the 
EVO model (see below). This data is to be extended 
on a yearly basis, as part of the pre-season 
preparations. 
 
3.2.2 Beach profiles 
Historical beach profile survey data is available in 
BEES for many profiles along the Gold Coast 
(Figure 7). These profiles are updated as new 
survey data becomes available, which is typically 
twice a year. The most recent beach profile is shown 
together with the EVO model results at the same 
locations, to be able to assess the impact of the 
forecast erosion event. 
 

 
Figure 7   Screenshot from BEES. Cross-Shore Profile 
locations along the Gold Coast. 

 
3.2.3 Numerical Weather Prediction 
The Global Forecasting System (GFS) [4] is a global 
weather forecast model by NOAA that provides 
forecast 4 times a day with a forecast length of 10 
days. The product includes many parameters, of 
which Pressure, Wind velocity, Temperature and 
Precipitation are ingested into BEES. This product 
is used to compute a forecast storm surge at the 
boundary location of the EVO model based on the 
forecast Pressure (Pmsl) and Wind velocity (u and v 
component): 
 

Sbase = max(101500 – Pmsl)/10000, 0)  (1) 
w = (u2 + v2)1/2  (2) 
S=Sbase + 6.34 e-4 w2 -5.01 e-3 w + 7.5 e-3  (3) 
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where Sbase is the base storm surge and w is the 
total wind velocity. This surge is added to the tide to 
calculate the forecast total water level. This time 
series is used to force the EVO model. 
 
3.2.4 Wave forecast 
WAVEWATCH III is a third-generation wave model 
developed at NOAA / NCEP [5], and provides 
forecasts 4 times a day. From the available 
parameters, the significant height of the combined 
wind waves and swell, as well as the direction and 
mean period of the primary wave are ingested in 
BEES.  
 
These gridded forecast products are spatially 
interpolated to the boundary location of the EVO 
model, which corresponds to the Point Lookout 
wave buoy. The significant wave height from the 
forecast product is assumed to be the ‘expected’ 
wave height. However, comparison of the 
transformed forecast product wave height with the 
measured wave buoy data provides an estimate of 
the potential error associated with the forecast data. 
Based on this comparison an upper and lower 
ensemble wave height are estimated to be: 
 

hlower = hexpected /1.25  (1) 
hupper = hexpected  * 1.5  (2) 

 
3.2.5 EVO Model 
The EVO model is run daily, based on the GFS and 
WWIII forecast from 18:00 GMT of the previous day. 
The model is run three times, to forecast the 
expected, lower and upper wave conditions. It 
produces a 7-day forecast (Figure 8). 
 

 
Figure 8   Screenshot from BEES. Time series that are 
used to force the EVO model at the boundary location. 
Time series include: total water level [m], significant wave 
height [m] (expected, lower, upper), and wave direction 
[O] and period [s] 

The model output is post-processed to the profiles 
of the beach surveys. This allows for a better 
assessment of the impact of the forecast erosion 
event. The model output is sampled to a daily time 

step. The display allows the user to step through 
time to see the erosion event evolve during the 
forecast storm. 
 
3.2.6 Visualisation - from data to information 
While the data ingestion and processing are 
handled by Delft-FEWS, the user can examine all 
data in various displays and tables. This can be 
used to create situational awareness on the forecast 
weather event, and to understand the data that is 
used to create the boundary conditions for the EVO 
model (Figure 9).  
 

 
Figure 9   Screenshot from BEES. Gridded forecast for 
the significant wave height from WWIII, together with the 
boundary location of the EVO model (circle)  

Secondly, the (ensemble) forecast produced by 
EVO can be examined in different ways. The cross-
shore profile response can be examined in detail for 
all beaches at each of the survey profile locations, 
both in graphical as in tabular format (Figure 10). 
 

 
Figure 10   Screenshot from BEES. Example model 
output for a survey profile at Snapper Rock. The forecast 
cross-shore profile response (in blue) is shown together 
with the most recent survey profile (in orange)  

For a spatial overview, the user can compare the 
mapped forecast shoreline position for the 
expected, lower and upper forecast, and compare it 
to the local A-line and the position of relevant assets 
Figure 11. 
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Figure 11   Screenshot from BEES. The mapped forecast 
shoreline position at Rockview Public Park for the 
expected (green line), lower (red line) and upper (green 
filled) conditions, together with the A-line (purple line) and 
open street maps to indicate the position of local assets. 

 
3.2.7 Task automation 
In this pilot operational system, all tasks are run 
automatically overnight and presented to the City at 
the start of the day. In a next stage this system can 
be developed into a fully operational system, that 
can make use of all 4 updates of the GFS and WW-
III forecasts to update the erosion forecast. 
 
4. Learnings and future work 
The Operational Beach Erosion Early warning 
System (BEES) is being used to proactively identify 
at-risk infrastructure that might be impacted by 
beach erosion, and to plan for recovery by 
prioritising works areas based on the forecast 
erosion along the coast.  
 
The BEES application, based on Delft-FEWS, is 
delivering much more than just an EVO model 
interface and will provide opportunities to grow the 
system overtime. Currently, forecast uncertainty is 
simply catered for through a limited ensemble 
simulation approach that provides ‘expected’, upper 
and lower bound results based on localised scaling 
factors applied to the wave forecast. There is scope 
to develop a more robust statistical basis for 
quantifying uncertainty, such as: 
• Running larger event ensembles that 

incorporate additional wind and wave forecast 
products 

• Refining the wave scaling factors based on 
further data and model hindcast reanalysis 

• Introducing data assimilation methods 
• Integrating additional deterministic models of 

shoreline evolution at certain key locations (e.g. 
Xbeach and/or SBEACH) 

All these options for further development can be 
supported by Delft-FEWS. 
 
With BEES we have shown that the data-based 
approach of the Delft-FEWS workflow manager and 

its open philosophy towards data types and models 
allows for a successful implementation in this 
subject area as well.  
 
At the same time, this implementation for the Gold 
Coast also shows some unique requirements when 
dealing with coastal erosion monitoring and 
forecasting related data. Although these datasets 
can be dealt with within the current data model of 
Delft-FEWS, they would benefit from additional 
display possibilities, as well as a more dedicated 
data type. 
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Abstract  
Ship movement without supporting tugboats and the emergence of powerful self-propelled vessels has led to 
potentially devastating effects on structures that were not designed for jet impacts. Port operators are now left 
facing a decision of whether to restrict bow and stern thruster operations or to update the structure protection. 
 
The Water Research Laboratory (WRL) in the School of Civil and Environmental Engineering at UNSW Sydney 
has recently open a dedicated prop-wash facility for the physical modelling of the effects of ship side thruster 
forces on existing armoured berths and ports. WRL has now undertaken five major port studies at large scales 
ranging from 1:13.5 to 1:20. Froude scale testing at these scales is unique and ensures that turbulence and 
drag effects are well reproduced with a high Reynolds number. The scaling rules have ensured adequate 
turbulence based on coastal engineering scaling rules for armour mass and providing adequate resolution and 
accuracy for model measurements. 

This paper presents several case studies, including different structures and armour types of rock, articulated 
concrete mattresses and rock-filled bags). Testing found that analytical methods and guidelines generally 
predicted larger (more conservative) velocities, while the physical modelling demonstrated complex jet 
dispersion.  Armour was found in some cases to be more stable than predicted by empirical methods due to a 
combination of structure slope, jet dispersion and energy dissipation though the armour layers. 

In summary, physical modelling of the effects of ship side thruster forces on existing armoured berths has 
demonstrated that when an appropriately scaled model is used, the port design and operational restrictions 
can be balanced and optimised. While existing guidelines provides generally conservative analytical methods, 
modelling allows for a greater understanding of each specific port. 
 
Keywords: physical modelling, prop-wash, vessel, port, stability, coastal structures 
 
1. Introduction 
Ship movement without supporting tugboats and the 
emergence of powerful self-propelled vessels has 
led to potentially devastating effects on port 
structures that were not designed for direct jet 
impacts. Modern vessels are often equipped with 
powerful propulsion systems that can typically 
create multiple jets with velocities up to 10 m/s 
directed at port infrastructure or scouring seabed 
fronting quay walls. 
 
Port operators may need to decide whether to 
restrict bow and stern thruster operations or to 
update the protection of the structure. While 
guidelines exist [1, 2] to help the design process 
allow for desktop assessment and empirical 
equations allowing for the estimation of jet velocities 
and rock stability of scour protections, these 
guidelines also have been shown to provide results 
with a wide range of variability [3]. As such physical 
modelling is a unique tool to help developing a 
solution. 
 
An extensive range of type of structures (vertical 
quay wall, revetments) and type of armour (rock, 
piles, rock bags, articulated concrete mattress) had 

been tested in WRL’s new specialist prop-wash 
facility. 
 
The paper provides an overview of the importance 
of conducting physical modelling at large scales and 
WRL dedicated facility. This will be followed by an 
overview of the different type of structures and 
armour categories that have been tested and 
highlight the main failure mechanism that have been 
observed during testing. 
 
The testing that WRL has undertaken have tested 
include up to 4 azipods and 4 bow thrusters with 
typical propeller diameter ranging from 4 to 7 m. 
Typical draft of the tested vessels are approximately 
10 m and the water depth at the berthing area could 
be as low as 12m during low tides. The “Oasis of the 
Seas” is an example of such a vessel.  The azipods 
and bow thrusters of the “Oasis of the Seas” is 
shown in Figure 1 and Figure 2. 
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Figure 1 Oasis of the Seas Azipods 

 

 
Figure 2 Oasis of the Seas Bow Thrusters (Cruise News Daily Newsfile) 

 

 
Figure 3 WRL’s Prop-Wash Basin 
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2. Scaling Considerations 
All prop-wash models tested at WRL were carried 
out at a relatively large scale of 1:13.5 to 1:20.  
Testing at such large scale was critical to ensure: 
• representation of propeller wash jet 

characteristics. 
• adequate turbulence for stability testing. 
• adequate resolution and accuracy for model 

measurements 
• Sufficient armour (rock or concrete) size to 

ensure good geometric characterisation 
(shape) and roughness,   

 
Modelling is completed using Froude scaling as 
gravitational processes dominate.  The limitation on 
the scale is to ensure that adequate turbulence is 
included by ensuring the Reynolds number is high 
enough (generally > 3x104) for fully turbulent flow 
conditions. An illustration of the importance of 
conducting physical modelling at large scales is 
provided in Table 1 with Reynolds numbers 
calculated for 3 different example configurations: 
 
• A 6.0 m propeller jet with a velocity of 8.0 m/s. 
• A 5.0 m/s jet impacting a 3T rock revetment.  
• A 5.0 m/s jet on a 0.5m unit size ACM. 
 
Table 1 Reynolds Numbers Example configurations 

Config. Jet Rocks ACM 
Velocity 

(m/s) 
8 5 5 

Length 
(m) 

6 
prop. dia. 

1 
D50 

0.5 
unit 

Scale Reynolds Number 
 (prototype) 4.8x107 5.2X106 2.5X106 

15 8.2x105 8.9X104 4.6X104 
20 5.3X105 5.8X104 2.8X104 
30 2.9X105 3.2X104 1.5X104 
40 1.9X105 2.1X104 9.8X103 

 
These examples shows that a scale of at least 1:30 
is necessary for a 3 T rock revetment and a scale of 
at least 1:20 is recommended for the ACM example.  
 
By their nature, models are simplifications of the 
reality under investigation. Physical modelling and 
testing should aim to answer specific questions.  
The kind of models tested in WRL prop wash basin 
focus predominantly on modelling the impact of 
water turbulent jets generated by vessel propellers, 
the jets’ dissipation and the stability of the tested 
structure. The propellers are scaled to match the 
diameter and efflux velocity but not always match 
the exact pitch and number of blades.  Differences 
in pitch and number of blades are not expected to 
have significant effect on results, however there 

may be slight differences in the characterisation of 
turbulence and to a lesser degree the jet dispersion. 
 
3. Large scale calls for large facility 
The Water Research Laboratory (WRL) in the 
School of Civil and Environmental Engineering at 
UNSW Sydney has recently open a dedicated prop-
wash facility for the physical modelling of the effects 
of ship side thruster forces and vessel propeller 
wash on port and coastal infrastructure (Figure 3). 
 
This new facility consists of a 4m x 7m x 1.4m deep 
basin in which project specific bathymetry, mobile 
sediments and breakwater armour can be installed. 
The basin is equipped with four submersible 
frequency-controlled power motor units (Figure 4) 
and various sized propellers which can simulate a 
wide range of thrusters or azipods and vessel types. 
The combined advantages of testing with large 
water depths (up to 1.2 m) and high velocity jets (2 
m/s) allow WRL to test at unprecedented large 
scales ranging from larger than 1:20. 
 

 
Figure 4 Four independently controlled propellers 

 
As the water depth of a port is typically 12 to 15m, 
the basin needs to be more than 1m deep.   
 
Independent control of each motor allows for 
modelling of Azipods or Bow Thrusters.  WRL has 
further found that the jet from a propellor behaves 
differently from a water based jet, making a model 
scaled propellor more appropriate. 
 
Measuring high 3D velocities in a model requires 
specialist equipment such as multiple ADVs (Figure 
5). 
 
Performance and damage are assessed during 
testing sequence (transient) using underwater 
videos (such as uplift of flapping of ACMs) and after 
testing using 3D laser scanning to assess damages 
by comparing it to pre-test scans (Figure 9). 
 
Finally, we have found it important to be able to test 
with both rigid and mobile bed configuration. Scour 
of sand is not scalable (i.e., does not give a precise 
prediction of temporal evolution of scour holes) but 
allows the model to indicate performance of scour 
protection/structure when scour hole progress and 
impedes onto structure. 
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Figure 5 Photos of a model setup with ADV and underwater cameras

A typical model setup using 4 submersible motors 
in front of a quay wall and a bed protected with 
concrete mattresses is shown in Figure 6. The 
propellers are installed within scaled pipes to model 
the jets from 4 bow thrusters.  
 

 

 
Figure 6 Example of a model setup with 4 propellers in 
front of a quay wall 

 
 

4. Analytical Methods vs Physical Modelling 
 
Velocity measurements at high velocities in front of 
a 12’’ and 14’’ propellers central axis were collected 
and compared to analytical methods recommended 
by PIANC (2015). The two methods considered are: 
 

• The Dutch Method:   

𝑉𝑉𝑥𝑥 = (2.0 𝑡𝑡𝑡𝑡 2.8) ∗  𝑉𝑉0 ∗ (
𝐷𝐷𝑝𝑝
𝑥𝑥

) 
V0 is the velocity half a diameter from the 
propeller, Dp is the propeller diameter and x 
is the distance from the propeller 
 

• The German Method: This method is similar 
to the Dutch Method with a constant value 
of 2.6 (instead of a range of values varying 
from 2.0 to 2.8): 

 
𝑉𝑉𝑥𝑥 = 2.6 ∗  𝑉𝑉0 ∗ (𝐷𝐷𝑝𝑝

𝑥𝑥
) for x > 2.6 * 𝐷𝐷𝑝𝑝 

 
𝑎𝑎𝑎𝑎𝑎𝑎 

 
𝑉𝑉𝑥𝑥 = 𝑉𝑉0 𝑓𝑓𝑡𝑡𝑓𝑓 𝑥𝑥 < 2.6 ∗  𝐷𝐷𝑝𝑝 

 
Measured velocities compared to the analytical 
solutions are shown in Figure 7 and Figure 8. A 
constant value of 2.0 was selected for the Dutch 
method to obtain the best agreement with the 
measured data. V0 correspond to the measured 
velocity 0.5 * Dp from the propeller. 
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Figure 7 Measured velocity (model scale of 1:13.5 – 
velocities are converted to prototype unit) in front of a 14’’ 
propeller diameter compared to the Dutch and German 
methods. 

 
 
Figure 8 Measured velocity (model scale of 1:20 – 
velocities are converted to prototype unit) in front of a 12’’ 
propeller diameter compared to the Dutch and German 
methods. 

 
A constant efflux velocity in front of the propeller 
was not observed in the model. Instead, the 
measured velocity was observed to start decreasing 
at the propeller. As a result, the velocity appears to 
be overpredicted by both analytical methods. 
 
5. Example of Designs Tested and Observed 

Failure Mechanisms 
A wide range of armour and configurations involving 
rocks, concrete units, rock bags, sand and piles had 
been tested at WRL. Most designs tested at WRL 
were initially developed based on the PIANC 

(German methodology) or CIRIA (e.g., 
Dutch/Pilarczyk method) guidelines. These 
methods generally yield different results to each 
other and include approximations that are not 
specific to the conditions being investigated. 
Therefore, physical model testing was used to refine 
the stability of a design solution. The main failure 
mechanisms observed for a wide range of 
configurations are discussed hereafter. 
 
5.1 Rocks 
Sizing rock typically relies on coastal structures 
guidelines such as CIRIA. However, testing showed 
that initial design considerations typically result in 
conservative rock sizing on the slope of submerged 
rock revetments. This is due to the propeller wash 
jets velocities push rocks or other armour units (e.g., 
rock bags) into the slope.  
 

 
Figure 9 Example of a Faro scan to assess rock 
movement 
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(a) Underwater video footage showing flapping of 

leading edge of ACMs 

 
(b) 3D FARO scan post test 

Figure 10 ACMs moving during testing 

 
This is different from wave damage on coastal 
structures where rocks can be damaged during 
down rush of waves (i.e. pulled from structure). 
Movements of rock on a slope from propeller wash 
jets were generally observed in the region directly in 
front of the jet. A 3D laser scan was performed 
before and after each test to accurately evaluate the 
damage (Figure 9). 
 
5.2 Rock Bags 
Rock bags were usually stable for the conditions 
tested (Figure 11). As per rocks, the jet pushed the 
bags up and into the slope resulting in greater 
stability than originally expected. The bags were 
susceptible to jets at angles.  Also being a single 
layer, if a bag was moved then large sections of the 
slope could become unstable. The long-term 
integrity of the bag fabric was not assessed.  
 

 
Figure 11 Rock bags on revetment slope in front of bow 
thruster setup 

 
5.3 Grout Mattresses 
Grout mattresses were found to be potentially 
unstable when propellers were placed above them 
due to uplift forces. Damages are generally 
expected to result from jet impact. However, the 
failure mechanism observed for grout mattresses 
was due to the uplift of units when located directly 
under the propeller (Figure 12).    
 

 
Figure 12 Concrete mattresses located directly under the 
propeller moved 

 
5.4 Erodible Bed 
Testing with an erodible bed showed the formation 
of a scour hole (Figure 13). The rocks or armour 
units were observed to fall into the scour hole. The 
toe of the structure is critical for the stability of a 
design solution.  Whether the armour be ACMs, 
rocks or rock bags, the structure needed to be 
flexible enough to slump into this scour hole and 
avoid undermining.  Alternatively, a toe trench 
needed to be constructed in advance. 
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(a) Photo post test 

 
(b) 3D FARO scan post test 

Figure 13 Rocks and Scour Hole 

 
5.5 Further Considerations 
Coastal damage process and design typically 
consider rare events (e.g., 100-year ARI) with low 
frequency and possibility to repair post event. Port 
infrastructures are typically subject to frequent 
events with very limited time windows for repairs (or 
at very large cost). Therefore, the threshold for 
tolerable damage to port infrastructure must be far 
stricter or even zero movement design.  This is 
required larger protection, compared to coastal 
breakwaters which are generally designed for up to 
5% damage. 

 
It is also important to note that most designs tested 
at WRL have showed that under keel clearance in 
ports is very limited due to larger vessels (<1.5 m of 
under keel clearance). Design should consider risk 
of navigation hazard due to damaged structure and 
loose armour. 
 
WRL has further found that the proximity of the 
prop-wash to the bed is a major factor in stability.  
All our testing has focused on vessel at lowest 
astronomical tide (LAT).  In some cases, it may be 
practical to limit vessel movement to tides much 
higher than LAT.  
 

6. Conclusions 
The complexity of the interaction between prop-
wash and armour units and the simplification in 
various analytical methods means that physical 
modelling is often required.  A large model scale is 
required to model the stability of a structure under 
propeller wash. A range of possible failure 
mechanisms have been observed and presented. 
 
It is also recommended that testing is conducted as 
early as possible and be used for concept design 
and optimisation more than validation. Testing must 
consider vessel configurations, including the 
approach of the ship, the angle of the jets, the power 
levels and the combined use of multiple azipods or 
bow thrusters. 
 
Testing is often conducted for water levels at LAT 
and rightfully as more conservative. If this creates 
unsurmountable constraint, port should also 
consider vessel restrictions guidelines such as no 
vessel movement below certain tides. 
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Abstract 
The Rottnest Island Authority has recently received $33m of funding for a significant upgrade of the Island’s 
ageing facilities, which includes the $3 million refurbishment of the Fuel Jetty. The Fuel Jetty is located 
immediately adjacent to the main settlement in Thomson’s Bay on the eastern side of the Island. In addition to 
refuelling facilities for the island’s recreational and commercial visitors, it also provides short-stay boat pens 
and landing facilities for tourist vessels.  

 
The original Fuel Jetty was constructed in the late 1990’s and was identified through a review of the Island’s 
infrastructure as requiring a major refurbishment campaign. Design & Construct teams were given options 
when responding to the reference design, either to re-use and refurbish the original piles with a 25-year design 
life, or to construct an entirely new structure with a 50-year design life.  

 
Durability was identified as a key design driver for the refurbished asset. WGA and TAMS were successful in 
their bid to nominate a stainless-steel horizontal trussed superstructure on new conventional steel piles and 
substructure. The design team also substituted a floating pontoon with a fixed staged landing structure, offering 
cost savings by removing the need for a wave screen to otherwise protect a pontoon. It also offered 
functionality improvements in the long-period swell that penetrates Thomson’s Bay.  
 

 
Figure 1: Completed facility open and in use (Source: Rottnest Island Authority) 

 
The facility was designed and constructed throughout 2020, with the facility opened in December 2020 in time 
for the peak tourist season. This paper explores the challenges and lessons learned through the design 
process, specifically focusing on the use of structural stainless steel in this application and how geotechnical 
risk was managed through design with limited available information.  
 
Keywords: jetty, refurbishment, stainless steel, piling, construction. 
 
1. Overview 
TotalAMS (TAMS) together with consulting 
engineers Wallbridge Gilbert Aztec (WGA) 
undertook the design and construction of the 
refurbished Rottnest Island Fuel Jetty on behalf of 
the Rottnest Island Authority (RIA) throughout 2020.  
 
The existing fuel jetty in Thomson Bay is a key piece 
of infrastructure for Rottnest Island. The asset is 
operated by the RIA and provides short term 
berthing and refuelling facilities to small recreational 
and commercial vessels. The existing structure 

consisted of wooden decking and berthing 
members, with a steel substructure supported by 
steel piles. The superstructure has been identified 
to be nearing the end of its design life following a 
condition assessment in 2018, with elements of the 
jetty observed to have experienced significant 
deterioration.  

The Rottnest Island Fuel Jetty Upgrade project 
reconstructed a new jetty over the footprint of the 
existing. The proposed design was to replicate or 
improve access and services for users of the facility 
while ensuring a cost-effective solution. 
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In addition to the existing infrastructure, the 
proposed facility features an improved multi-stage 
landing platform, allowing for all tide berthing while 
complying with disability access requirements. This 
replaces the more costly, complex, and 
maintenance-heavy pontoon and wave screen 
proposed in the conforming design, without 
reduction to functionality of the final facility.  

2. Tender Brief 
The brief was prepared by Advisian, on behalf of the 
RIA, and asked for: 
 

1. Removal, partial demolition and disposal of 
all structure above the piles, with the 
intended re-use of some services 

2. Fabrication and installation of a new 
superstructure on a combination of existing 
and new piles 

3. Fabrication, installation, and 
commissioning of new mooring pens, two 
low-level landings, a floating pontoon with 
protective wave screen and all services and 
other furniture required to recommission the 
jetty.  

 
The design philosophy was to re-use as much of the 
original jetty as was possible, particularly the 
relatively expensive piles, and to replace with a new 
superstructure with a key focus on durability.  
 

 
Figure 2: Existing Rottnest Island Fuel Jetty. Note steel 
piles and substructure with timber decking. (Source: 
WGA) 

The conforming reference design made use of FRP 
structural members to span between conventional 
steel piles and headstocks broadly following the 
arrangement of the existing deck re-use as many of 
the original piles as possible. The possibility for the 
complete demolition of the structure with new piles 
was also opened within the tender documents with 
a modified alignment that removed the ‘kink’ around 
the middle of the approach jetty. 
 
The tender did open the opportunity to explore 
alternative materials with durability a key 
requirement, and specifically requested any 
stainless steel used to be a Grade 2204 duplex.   

3. Tender Design 
The tender was approached by TAMS and WGA in 
the following way: 
 

1. Provide a conforming tender that modified 
the alignment of the jetty to use all new 
piles, with an FRP structural deck designed 
from composite hollow structural members.  

2. Provide an alternate tender design that 
substituted the FRP modules with stainless 
steel deck module, fabricated from Grade 
2204 duplex stainless steel to meet the 
durability and strength requirements of the 
specification.  

 
Tender pricing for each option found that both were 
price competitive for supply and fabrication, and 
TAMS felt more comfortable using larger modules 
for installation using the stainless steel.   

Post tender, the design was further modified to 
remove the floating pontoon, gangway and wave 
screen from the design. Instead, simplified facility 
arrangement was adopted which replaced the 
floating pontoon and landing with a revised staged 
landing. The small tidal range in Thomson Bay is 
suited to discrete landings and allowed full disabled 
access in accordance with AS 1428. 

The wave screen was removed from this 
arrangement as the fixed staged platform does not 
have the same concerns regarding deck motion as 
a floating pontoon. The design team also held 
reservations about the effectiveness of a discrete 
wave screen against long period swell, particularly 
with floating pontoons. Finally, key maintenance 
concerns with moving parts in a marine environment 
were removed from this arrangement.  

4. Detailed Design  
The tender was awarded in late March of 2020, right 
as the COVID-19 pandemic was disrupting 
workplaces around Australia. The news was 
welcome and provided a good pipeline of work 
during an uncertain time.  
 
Accordingly, much of the initial design work post-
tender was undertaken remotely, at which point the 
strength of the existing relationship between WGA 
and TAMS, and with the benefit of an ongoing 
working relationship with the RIA helped to ensure 
continuity of design despite the external 
distractions.  
 
The deck levels in the refurbished structure were 
designed to match the existing deck level. The 
original deck was quite high, and it was considered 
by RIA and the design team that adjusting the deck 
level to accommodate projected sea level rise 
values given for a full 50-year design life would 
reduce the functionality of the new facility. To 
counter this, consideration was given to a raised 
deck in the future, which can be undertaken by 
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raising the stubs on top of the headstock and raising 
the stainless steel deck.   

4.1 General Arrangement 
For design purposes the structure is separated into 
4 key areas:  

• The jetty approach is a 120m long x 2.44m 
wide straight jetty, with a typical 8m span 
between piles.  

• The 8m wide x 13.2m long Staged Landing 
structure is on the northern side of the jetty 
approach and provides all-tide Disability 
Discrimination Act (DDA) conformant 
access from vessels to the remainder of the 
structure. 

• The Fuel Platform is on the southern side at 
the end of the jetty and includes berthing on 
each side with one lower landing to suit 
smaller vessels. Diesel and premium 
unleaded petrol (PULP) is provided from 
two outdoor payment terminals (OPT’s), 

• The Outer Fuel Jetty extends to the North 
of the Fuel Platform and provides additional 
berthing space for the largest vessels to 
use the facility.  

 
Figure 3: Aerial photo of the completed facility. The image 
shows a) the Approach Jetty projecting from shore, b) 
Staged platform at the mid-length, c) the Fuel Platform at 
the bottom-left of the image, and d) the Outer Fuel Jetty 
in the foreground. (Source: RIA) 

Along the length of the jetty are 14 mooring pens for 
day lease to vessels between 10m-23m length 
overall (LOA). The shore end of the approach jetty 
is designed approximately 17 vessels of 8m or less 
to berth in a Mediterranean mooring arrangement. 
An additional 2 pens are also provided for the 
Rottnest Island Rangers.  

 
Figure 4: Plan sketch of the jetty showing a variety of 
vessel sizes and mooring arrangements considered. 
(Source: WGA) 

The facility provides for up to 6 vessels berthed up 
against the Staged Platform, Fuel Platform and 
Outer Fuel Jetty concurrently, with the end berths 
designed to suit a maximum 25m design vessel. 
 
4.2 Jetty Design 
4.2.1 General Structural Arrangement 
The jetty was designed as an all-new structure with 
stainless steel trussed members spanning between 
steel headstocks which are welded to driven piles. 
The jetty was decked with 38mm FRP mini-mesh 
and included service channels running under the 
FRP in a way that allowed removal of panels for 
access and maintenance.  

 
Figure 5: 3D render of a typical jetty headstock, Approach 
Jetty. Steel elements are shown red, with stainless steel 
in transparent grey. (Source: WGA) 

As per the specification provided with the tender 
brief, all exposed edges which may be in contact 
with vessels were required to be protected using 
compressible rubber fenders. In most cases, a 
Trelleborg 200 CF-A fender was used between 
channel flanges on the outside of stainless steel 
deck members. Elsewhere, 180PFC steel channels 
were used as vertical fenders spanning between the 
deck and a 250UC90 waling beam spanning 
between piles. These vertical fenders used 
Trelleborg 150 CF-A fenders for additional energy 
absorption.  
 
4.2.2 Stainless Steel Design 
The design of Grade 2204 duplex stainless steel 
members was primarily undertaken in accordance 
with AS4673 – Cold Formed Stainless Steel 
Structures. Where this code was limited in its 
guidance, a parallel design of the members using 
the methods as described in AS4100 was 
undertaken. The results found both methods 
correlate closely, with some differences in analytical 
methods converging on similar design outcomes.  
 
Advice received from the Australasian Stainless-
Steel Development Association (ASSDA) [1] has 
shown that a direct corrosion allowance for duplex 
stainless steel in non-immersed marine 
environments is unavailable. Stainless steel does 
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not corrode uniformly like more conventional mild 
steel, with exposed stainless steel likely to suffer 
from minor ‘tea-staining’ or pitting in most 
circumstances. The resultant section losses are 
considered non-structural in their nature and are 
best mitigated through surface treatments during 
fabrication. Accordingly, the design team has 
generally adopted a zero millimetre corrosion 
allowance for these elements.  
 
Structural corrosion can occur where crevice 
corrosion is the primary mechanism. Careful 
detailing, including the use of fully welded 
connections and appropriate isolation using 
bituminous tape between bolted connection was 
employed in the final design to ensure this corrosion 
mechanism does not commence. 
 
All structural sections were formed using stock plate 
widths pressed into structural sections, typically 
channels for primary members and angles for 
bracing and secondary members. Given the 
relatively large quantities of exotic material, a limited 
plate supply was available in each section 
thickness. To optimise use of material, WGA 
worked with the fabricator to design alternate 
sections formed with different plate substituting 
lighter plate sections with deeper sections. The 
sections were generally governed by stiffness for 
serviceability and by unbraced flange buckling for 
strength.   
 
The typical deck modules for the Approach Jetty 
were a 16m long x 2.4m wide truss section spanning 
over two piles and headstocks, allowing for two 
span continuous sections to reduce the deflections 
that govern the design. These trusses used a 
pressed channel shape of 250 deep x 75 wide, with 
a thickness of 8mm. These trusses were braced by 
pressed angles of 75mm x 6mm thick. 
 

 
Figure 6: Stainless steel truss during construction, 
Approach Jetty. Note grating missing. (Source: WGA) 

Other stainless trussed sections on the Outer Fuel 
Jetty, the Fuel and Staged Platforms used between 
170mm and 250 deep pressed channels, formed 
from 6 to 10mm thick plate. Each section was 

optimised for the application based on stock widths 
of plate and the requirements of the design.  
 
Bracing was dropped below the chords of the truss 
such that these elements could be continuous. This 
required significant attention to ensure these 
eccentric loads could be resolved into the chords 
through stiffeners, but allowed a much simpler 
structure to fabricate.  
 
4.2.3 Challenges – Structural Stainless Steel 
The material costs associated with stainless steel 
modify the balance between offsite fabrication 
costs, onsite construction and in-service robustness 
provisions when compared with regular structural 
steel.  
 
In a more traditional steel structure, particularly in a 
marine environment, the relatively cheap material 
costs bias pre-fabrication of relatively large and 
uniform modules when compared with the labour 
costs to modify jigs and templates for more bespoke 
modules. The on-site labour required for installation 
is also significantly more expensive than fabrication. 
Steel design can also favour adopting a more 
general robustness pathway for design refinement 
against obscure load cases rather than spending 
the additional effort required by engineers to refine 
the design against every possible load combination 
or case.  
 
In stainless steel, the balance was shifted 
somewhat to a more refined engineering approach, 
seeking to reduce overall material costs to reduce 
overall project costs. From an engineers’ 
perspective this required a more in-depth 
understanding of the range of load cases at an early 
stage of design, where traditional assumptions for 
robustness in tender & procurement design phases 
required a more developed understanding of the 
demands on members.  
 
The design process found that the assumptions 
made in tender and procurement phases of design 
generally stood up to detailed design scrutiny. In 
some instances, lateral design loads did not align 
with the repeating modules used in the truss 
structures and required additional attention. The 
addition of web stiffeners or additional bracing 
provided the additional strength required where 
assumptions were made in earlier phases of design.  
 
In contrast, designing using open sections allowed 
easier site detailing and tolerancing when compared 
to durable design detailing with steel, as wider use 
of bolted connections was allowed.  
 
Isolation was of course a key consideration in 
design and construction and was met by limiting 
interaction between headstocks and using isolating 
rubbers in areas where they were connected. 
Tolerancing introduced to allow for the rubber 
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thickness was just adequate on site, with some 
difficulties fitting the trusses between bolted 
connections.  
 
4.3 Staged Platform 
The Staged Platform is an adaption of earlier 
designs prepared by WGA for similar purposes.  

 
Figure 7: Aerial view of completed Staged Platform 
(Source: RIA) 

The design for the berthing platform used an 8m x 
13.2m multi-staged landing with three landing levels 
at heights of +1.0mCD, +1.4mCD and +1.8mCD, 
designed for all tide berthing. The 400mm step 
between levels has been nominated to provide a 
meaningful difference in deck height, whilst allowing 
a maximum 200mm step up or down to a vessels 
gunwale height.  

Each landing has a ramp at 1:14, meeting 
unassisted disabled access requirements. A step 
down has also been provided at each level to 
provide a more direct access path between the top 
and bottom platforms.  

The introduction of a fixed landing in lieu of the 
pontoon and wave screen removed a significant 
amount of complexity from the overall project.  

A steel headstock was welded between each pair of 
piles, with stainless steel deck structures used 
throughout.  

4.4 Fuel Platform 
The Fuel Platform is constructed in a similar manner 
to the Staged Landing, with a welded substructure 
of closed RHS steel members decked with a 
stainless steel deck.  
 
The key challenges with detailing the fuel platform 
were: 

• Providing continuous paths for services 
lines (fuel, power, fire water) to meet the 
required outlets without interrupting the 
arrangements of the structural members. 

• Integrating the lower landing into the steel 
substructure whilst maintaining the piling 
tolerances, and without substantially 
increasing site works.  

 
The first challenge was overcome through close 
liaison with the services designers, the fuel 
suppliers and the shop detailers to ensure services 
runs were understood and managed, with the 

structural design and spacing of members reflecting 
the paths required.  
 
The detailing of the lower landing at the end of the 
platform used a cantilevered 400x200 RHS passing 
over the piles that allowed the additional level 
without the need to add either piles or additional 
welding on site.  
 

 
Figure 8: Fuel Platform substructure steelwork. Note 
cantilevered RHS members in background of photo 
(Source: WGA) 

4.5 Outer Fuel Jetty 
The Outer Fuel Jetty used a similar arrangement to 
the Approach Jetty, with slightly narrower and 
shorter spans for the stainless steel trusses. 
Fendering was included without the for welding near 
the waterline using a continuous waling beam 
strutted to the top of the headstocks.  

 
Figure 10: Outer Fuel Jetty typical section. This detail 
shows the fendering arrangement used, adding low-level 
support to the vertical fenders without adding welds near 
the waterline.  

 
4.6 Geotechnical Design & Piling 
The piles for the original fuel jetty were still widely 
understood to be in fair condition, with anodes in 
place over the life of the structure preserving the pile 
steelwork in a near pristine state. However, the 
onus for proving geotechnical capacity was placed 
on the D&C teams. TAMS’ nominated approach 
was to straighten the ‘kink’ in the approach jetty 
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walkway to simplify the modular construction with a 
regular pile design. The approach also de-risked the 
project by removing the reliance on existing piles.  
 
Limited direct geotechnical information was 
available at the site, with no boreholes or seismic 
profiles provided over the jetty. However, the design 
team did have access to the driving records from the 
original construction and an interpretive 
geotechnical report that was prepared specifically 
for the works. In addition to the resources above, 
two test-piles were driven during the reference 
design phase with driving records provided. 
 
The general geotechnical profile showed that the 
conditions were expected to be sand overlying a 
limestone layer of varying depth, expected 
somewhere between 7m and 12m of embedment. 
Without certainty as to the depth of the limestone 
layer, the design was approached in the following 
way: 
 

• Lateral loads were resolved using with a 
lower-bound stiffness used to develop 
target embedments. These embedments 
governed the design of mooring piles.  

• Compressive loads were designed to be 
resolved primarily in end bearing on the 
limestone layer, with the skin friction from 
the overlying sand offering additional 
capacity. Should the limestone layer not be 
found, and soil competency was at the 
lower bound assumed through design, 
there was a risk that was adopted by the 
design team that additional pile length 
would be required and spliced on site.  

• Tensile loads generated when portal frame 
structures are subjected to lateral loads 
(Staged and Fuel Platform) were resolved 
through skin friction in the piles. These 
loads were expected to govern design if the 
limestone was found at a shallow horizon, 
with heavy impact driving required to 
ensure capacity requirements were met. 

 
The analytical models used were calibrated using 
the existing driving records provided. However, 
given uncertainties in the competence and 
consistency of the sand, sensitivity analyses were 
undertaken by both increasing and decreasing the 
capacity of the sand layer to determine acceptable 
driving records prior to equipment being mobilised 
to site.  
 
The final design nominated 12m long piles to be 
driven in single lengths to give a maximum of 8-9m 
embedment (depending on depth along the jetty), 
against design target embedments of 6m. The risk 
of piles not achieving capacity in these single 
lengths was borne by TAMS, with risk mitigation 
methods in place to ensure capacity was achieved.  
 

5. Miscellaneous Details 
Although the facility is relatively small, almost the 
full length of the jetty was designed with berthing 
and mooring considered as a primary function.  
 
5.1 Mooring Piles and Finger Jetties 
The mooring piles are simple stand-alone driven 
pile using a HDPE sleeve inserted into the seabed 
to provide corrosion protection. To ensure these 
sleeves are not compromised due to a failure of the 
caps, WGA nominated a multi-layered approach to 
sealing this top section: 
 

• The top of the pile sleeve was bolted into 
position using 3 M16 bolts tapped into the 
wall of the pile to ensure the sleeve did not 
slip down. 

• The annular space between pile and sleeve 
was plugged with a dense, non-shrink and 
flowable grout for the first 300mm 

• The bolts were installed with a silicon-
based construction adhesive to seal these 
holes. 

• The whole assembly was covered and 
sealed with a traditional HDPE pile cap. 

 
No further holes for mounting the mooring furniture 
or finger jetty mounts were permitted. Instead, all 
fixings were clamped to the pile sleeves to ensure 
these elements would not compromise the integrity 
of the sleeve. The finger jetties were then 
suspended from crossed chains at the pile end. 
 
5.2 Ladders 
Given the use of the facility as a short-term 
recreational mooring facility, the jetty had a total of 
14 ladders over the entire facility. This well 
exceeded the requirements of AS4997, and these 
ladders were aimed at providing access to the jetty 
deck from vessels.  
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Figure 11: Typical ‘step through’ type ladders bolted to 
extensions to the headstocks on the jetty approach, with 
HDPE rubbing strips protecting corrosion protection and 
vessels alike. 

Other ladders used on the facility were lower-profile 
stainless steel ladders lying inside the berthing line, 
used on the Outer Fuel Jetty and Fuel Platform.  
 
6. Construction 
Fabrication commenced during detailed design, 
with an Issue for Procurement milestone used and 
approved by RIA to ensure key elements on the 
critical path, namely piles and stainless steel plate, 
were able to be procured in parallel with detailed 
design. This document issue was provided in late 
May 2020. 
 
On-site piling works commenced in July of 2020, 
using TAMS’ 259t construction barge ‘TAMS 129’. 
The approach agreed to by the design team was to 
attempt to install the vertically loaded piles using a 
vibrating hammer alone, with limited PDA testing 
with an impact hammer used to prove up the 
capacity of a representative sample of piles. The 
challenge was to develop capacity without the 
displacement of soil and plugging that can occur 
using an impact hammer, and to generate enough 
consistency in the vibrating records to extrapolate 
the results to other piles. 
 
Results on site found that vibrating to the nominated 
embedments was not enough to develop the 
capacity required in the early piles. This was a 
known risk with the methodology, and after 
undertaking enough early validation works along the 
relatively lightly-loaded approach jetty the decision 
was made to vibrate piles to only 3m above the 
nominated toe RL before finishing the piles off with 
an impact hammer. This method was successful for 
all remaining piles requiring compressive/tensile 
capacity, with no additional pile lengths required to 
be mobilised to site. The laterally loaded mooring 
piles were installed entirely using a vibrating 
hammer.  
 
Fabrication works commenced in August, with the 
first modules delivered to site before piling finished 
in early September. The modular design and close 
work with the shop detailers meant that the site 
construction works went according to schedule, with 
the facility finished and open to the public in 
December ahead of the peak festive season.  
 
7. Summary 
The Rottnest Island Fuel Jetty refurbishment was a 
relatively complicated structure when compared to 
similar recreational or light commercial facilities, 
with a design that varied depending on usage 
across the facility. The key outcomes from the works 
that set it apart from other facilities are: 
 

• The jetty design is governed by the duplex 
stainless steel elements. This was a 
requirement of the RIA to meet their 
durability aims and introduced unique 
challenges to the project for designer and 
contractor. It’s clear that the initial cost is 
greater, however the whole-of-life costs 
remain to be assessed. No clear conclusion 
can be made towards the use of the 
material on similar projects – future works 
must be assessed on their own merits.  

• This material required a more refined 
approach to design, with additional layers of 
design work. The material allowed the 
cost/benefit relationship between 
engineering effort and material 
procurement costs to be explored further, 
with significant project savings offered 
through detailed analysis and design. 

• The benefits of experiences with site piling 
works allowed the construction works to 
commence without excessive conservatism 
in design. With risk lying almost entirely with 
the contractor, an appropriate risk-based 
approach and contingency planning in 
design and methodology ensured a lean 
design without interruption to operations 
when unfavourable results were 
encountered. The design work undertaken 
ahead of construction allowed pile 
acceptance without modification to design.  

• The modularisation of the design and the 
opportunity to use high-tolerance 
connections without sacrificing durability or 
cost from on-site labour allowed a smooth 
construction phase of the works.  

• The design works completed largely 
remotely through the initial phases of the 
COVID pandemic. Although not unique to 
this project, the project was nonetheless a 
test case for remote working for all involved 
in the early stages of design. Here, the 
importance of clear priorities and regular 
(minimum weekly) workshops with all 
stakeholders ensured design works 
complemented the overall project 
schedules.  
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Abstract 
 

Understanding long-term shoreline change patterns is crucial for effective management of coastlines. 
Decadal-scale records of shoreline change are typically determined by mapping shorelines using series 
of historical aerial imagery. In New Zealand, such shoreline change records are limited and highly 
fragmented. A national assessment of coastal erosion has not been conducted since benchmark work 
completed in 1978. This paper reports on the first step in an ambitious project to map national-scale 
shoreline change in New Zealand over the past century. We present a dataset of shoreline change since 
the 1930s for unconsolidated beaches in Te Tai Tokerau (Northland). Over 3000 km of shoreline imagery 
was georeferenced and digitised for historical imagery in the national archive. Shoreline data were 
analysed for nearly 50,000 transects spaced at 10m intervals using the Digital Shoreline Analysis System. 
Coastal change hotspots are noted at several locations on both west and east coasts, particularly at the 
distil edges of sand spits, river mouths and harbours. The highest rate of shoreline accretion and erosion 
(90th percentile rates ~ +10 and -8 m/y respectively) occur near North Head Kaipara Harbour. Localised 
areas of rapid coastal change occur along 90-Mile Beach and at Kokota Spit (Parengarenga) and Otiaia 
Point (Rangaunu Bay), and in these areas accretion is dominant, with 90th percentile rates of ~+2.5 m/y 
and total shoreline accretion of 200-300m. The west coast shows overall accretion over the ~80-yr 
observation period at a median rate of ~+0.4 m/y whereas the east coast shows effectively no change: it 
has been remarkably stable despite interdecadal climatic fluctuations and observed sea-level rise over 
the past century. Sediment supply and vegetation appear to be key drivers of the observed coastal change 
patterns. 

 
 
Keywords: coastal erosion, shoreline, coastal accretion, historical aerial imagery. 
 
1. Introduction 
Coastal erosion is a major hazard facing coastal 
communities throughout NZ and globally. Asset risk 
exposure is increasing with sea level rise (SLR), but 
we have an incomplete picture of shoreline change 
around NZ, which presents a challenge for reliable 
national scale erosion risk assessment [1]. Many 
sections of NZ’s coast also exhibit complex 
behaviours that are hard to interpret (e.g. [2]). This 
reflects the fact that coastal systems have multiple 
potential drivers of shoreline change, such that it is 
extremely difficult to disentangle the role of SLR 
against myriad human and natural factors that also 
contribute to large-scale shoreline change. This is a 
well-known global science problem [3] that is partly 
responsible for the limited scientific basis that 
currently exists for projecting future shoreline 
positions [4].  
 
A critical first step in understanding coastal 
behaviour is compilation of reliable historical 
change datasets. This need is reflected in multiple 
national-scale shoreline mapping programmes, 
including in the USA (e.g. USGS, National 
Assessment of Coastal Change Hazards [5]) and 
UK (Environment Agency, 2009, Shoreline 
management plans [6]). The aim of Pillar 1 of the 
Coastal Theme within the Resilience National 
Science Challenge is to collate, at national scale, 
the data necessary to understand historical trends 

of coastal change around NZ and provide the 
scientific datasets necessary for future-casting 
physical coastal change. Historical aerial 
photographs are available for much of NZ dating 
back to the late 1930s. These photographs, 
alongside other survey data, were last used in a 
nation-wide survey of erosion and accretion in the 
1970’s [7]. Since this time, coastal change work has 
been fragmented, often undertaken at local scale 
without a consistent approach to data collection and 
analysis. This sporadic approach has not provided 
a coordinated basis to understand and manage 
coastal change around the country.  
 
In this paper we describe the first results of the 
Resilience Science Challenge coastal mapping 
project following the completion of shoreline change 
mapping in Te Tai Tokerau, Northland.   
 
2. Methods 
2.1 Imagery acquisition 
Historical high-resolution aerial imagery were 
obtained for the entire Northland region in 
partnership with LINZ. The distribution of available 
imagery from the west and east coasts permits 
historical shoreline analyses dating back to 1938 
with gradual increasing frequency of image capture 
that peaked in the late 1970s (Figure 1). Notable 
gaps in availability in the late 1980s and between 
1988-2013. The large number of data points in 
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2014-2016 represents shorelines interpreted from 
an aerial photo survey undertaken during summer 
months in 2014, 2015 and 2016 which covered the 
entire Northland region. This provides the most 
recent, region-wide survey, and was downloaded 
from the LINZ data service and processed into a 
single mosaic file within ArcMap 10.8. The 2014-
2016 mosaic has a spatial resolution of 40cm and a 
spatial accuracy of +/- 0.6m @ 67% confidence 
interval.  
 

 
Figure 1. Number of shoreline change data points 
obtained from the historical photograph archive. 

 
2.2 Georectification 
We used the 2014-2016 mosaic as the source of 
ground control when georeferencing historic 
images. There are considerable challenges in 
georeferencing historic images within coastal 
settings due to a paucity of quality ground control 
points, particularly along sandy sections of the coast 
without either anthropogenic structures or stable 
geological features. The number of ground control 
points typically varied between 12 and 20 for each 
image, with a concentration of points along the 
coast to ensure that the photo was well-
georeferenced near the coastline. Images were 
omitted were appropriate (e.g. lack of suitable 
ground control, cloud cover, poor quality). 
 
2.3 Shoreline analysis  
Considerable challenges exist in identifying a 
spatially consistent shoreline from imagery cover 
from diverse coastal settings. For this study we 
interpreted a shoreline as either the edge of 
vegetation or toe of dune or dune scarp, depending 
on the site, taking care for each location to use the 
same feature through time.  
 
Shorelines were digitised as polyline shapefiles 
using the rectified historical imagery. Shorelines 
were drawn for all unconsolidated (sand or gravel) 
beaches that were >50 m in length. We excluded 
rocky coasts, ephemeral pocket beaches and 
estuarine and inner harbour shorelines.  

The Digital Shoreline Analysis System (DSAS) [8] 
was used to analyse shoreline change. DSAS is a 
free extension for ArcMap which uses the point-
transect intersect method for assessing planform 
shoreline change. Transects are generated 
perpendicular to a user-generated baseline, with the 
intersection between the transects and shorelines 
recorded as distances or rates of change calculated 
at each transect. DSAS calculates several shoreline 
change metrics including the net shoreline 
movement (NSM), which is the distance (m) 
between the oldest and most recent shoreline for 
each transect. Given the paucity of shorelines for 
many parts of Northland we could only uniformly 
calculate the end point rate (EPR), which is the rate 
(m/y) of accretion (+) or erosion (-) obtained by 
dividing the NSM by the time between the oldest 
and most recent shoreline. 
 
3. Results  
3.1 Regional spatial trends: west v east coast 
Over 3000 km of shoreline was digitised for 
Northland. Shoreline change was analysed along a 
total of 49,138 transects, spaced at 10m intervals.  
45% and 55% of transects were cast on the west 
and east coasts respectively.  
 
Figure 2a provides a map of shoreline erosion and 
accretion around Northland over the past 80 years. 
A broad pattern of historical accretion occurs on the 
west coast, in comparison to muted shoreline 
change along much of the east coast. When areas 
of local rapid change (i.e. the distal portion of sand 
spits and river and harbour mouths) are omitted 
from calculations, the west coast shows overall 
accretion over the ~80-yr observation period at a 
median rate of +0.4 m/y whereas the east coast 
shows effectively no change in median shoreline 
position (the calculated rate of -0.01 m/yr is within 
the margin of mapping error).  
 
Figure 2b shows that there are a broad number of 
coastal change outliers on both coasts, although in 
terms of NSM, these span a distance that is an order 
of magnitude larger on the west coast than east 
coast. A close inspection of the interquartile range 
(Figure 2b) shows that 50% of EPR observations on 
the west coast are between +0.05 and +1.4 m/yr, in 
contrast to rates of -0.1 to +0.1 m/yr on the east 
coast.  
 
The east coast shows relatively little shoreline 
change overall, but when analyses are subdivided 
spatially, it is notable that in the north between Cape 
Reinga and Cape Karikari (Figures 2 and 3) there is 
a general accretionary trend (median EPR +0.2 
m/y), between Cape Karikari and Bream Head there 
is negligible change (median EPR -0.01 m/y), and 
in the south between Bream Head and Pakiri the 
trend is slightly toward erosion (median EPR -0.07 
m/y). 
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Figure 2a. End Point Rate (m/y) showing areas of erosion and accretion around Northland. Inset (2b) shows boxplots for the 
west coast (WC) and east coast (EC), outliers are shown as black dots and IQR = interquartile range. 
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Figure 3. Normalised probability histograms showing 
spatial variability in coastal change rates on the east 
coast. 

 
Coastal change hotspots can be observed at 
several locations on both west and east coasts, 
particularly around sand spits (e.g. Kokota spit in 
Parengarenga, Otiaia Point in Rangaunu Bay, 
Marsden Point in Bream Bay, North Kaipara, Figure 
2a). Table 1 summarises statistics for selected 
coastal change hotspots. A notable feature is that 
each of the selected areas of rapid coastal change 
contain localised areas of both accretion and 
erosion. No single area is entirely dominated by 
shoreline change in a single direction. 
 

 Max 
accreti
on (m) 

Max 
erosion 

(m) 

10th P 
EPR 

(m/yr) 

90th P 
EPR 

(m/yr) 
Kokota spit 315 89 -0.09 +2.50 
Otiaia Point 202 146 -1.21 +2.52 
Marsden Pt 96 58 -0.60 +0.71 
Nth Kaipara 923 829 -8.14 +10.76 
90 Mile 220 135 -0.36 +2.08 

Table 1. Selected hotspots of rapid historical coastal 
change. Max and min values refer to total accretion and 
erosion within each area over several decades. 10th & 
90th percentile statistics indicate erosion/accretion rates. 

 
The highest rate of shoreline accretion in Northland 
over the 80-year observation period is a little over 
+10m/yr recorded on the open-coast 5-10km north 
of Kaipara Harbour. This area of accretion occurs 
immediately north of the area of highest shoreline 
erosion (~ -8 m/y) in Northland, which is on the 
south-facing distil portion of North Head Kaipara 
Harbour. On the west coast, localised high rates of 
shoreline change are also recorded along 90-Mile 
Beach, including areas of erosion and accretion, but 
accretion is predominant over erosion. A similar 
pattern occurs on the east coast at the distil spit of 
Kokota (Parengarenga) and Otiaia Point (Rangaunu 
Bay), where accretion is dominant over erosion, 
driving localised shoreline change at a rate of about 

+2.5 m/y and total shoreline accretion in the order 
of 200-300m. However, both locations also have 
areas of localised erosion, although this is notably 
less at Kokota. Of the selected hotspot areas, 
Marsden Point has the most significant 
infrastructure, and erosion rates in the order of -0.6 
m/y indicate that more detailed local-scale analyses 
would be warranted at this site.  
 
4. Discussion  
 
Decoupling the drivers of coastal change is a 
notoriously difficult scientific problem [9] (Stive, 
2004) and widespread coastal erosion of sandy 
beaches under SLR is yet to be detected [10]. The 
Northland coastal change dataset presented in this 
paper adds further evidence to the research 
literature that points to the complex nature of 
coastal change under SLR in the presence of 
myriad confounding factors (e.g. [11]). 
 
Key drivers of historical shoreline change in 
Northland are likely to include longshore 
divergences in sediment flux and large-scale 
vegetation changes, but multi-decadal scale 
climatic drivers may also be important [12].  
 
King et al. [13] and Blue and Kench [2] have drawn 
attention to large onshore fluxes of sediment on the 
west coast beaches of Auckland that result in 
complex and variable local patterns of historical 
erosion and accretion on beaches that are 
otherwise subject to similar wave climate and sea 
level trends. Ford and Dickson [14] noted the 
importance of sediment delivery from the massive 
ebb-tidal delta of the Manukau Harbour and 
speculated that cyclical rotation of the delta might 
release episodic pulses of sediment to up-drift 
beaches north of the delta. The Kaipara Harbour is 
one of the largest in the world with an ebb-tidal delta 
that contains massive quantities of sand [15]. It is 
plausible that period transfer of sediment between 
the delta and shoreline has contributed to the very 
high local rates of change observed at North Head, 
Kaipara. 
 
In georeferencing large numbers of images for 
Northland we observed extensive revegetation of 
areas of open-sand during the historical period. This 
reflects the introduction of exotic sand binding 
species (e.g. marram) and also widespread exotic 
forestry plantation. We have yet to analyse the 
interaction between coastal sedimentation and 
vegetation, but it is possible that the combination 
between large sand fluxes on the west coast and 
introduction of vegetation has resulted in binding of 
large quantities of sand that would otherwise be 
mobile, leading to considerable shoreline accretion 
in some locations.  
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We are also yet to ascertain the reasons for large-
scale shoreline stability on the east coast in the face 
of historical SLR, changes in vegetation, and 
interdecadal climatic fluctuations.  However, it is 
notable that the areas of considerable shoreline 
change on the east coast are adjacent to harbours 
and inlets, where sediment exchange volumes are 
high. Much of the remaining east coast is highly 
indented with pocket beaches that probably have 
very little sediment exchange. It seems that the 
magnitude of SLR observed to date has not been 
sufficient to drive observable shoreline change in 
these environments. 
 
 
5. Conclusion  
Here we describe our first observations of a 
programme of historical shoreline mapping around 
New Zealand. Data from Te Tai Tokerau Northland 
show that much of the west coast has accreted over 
the last several decades whereas much of the east 
coast has exhibited very little net observable 
change. 
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Abstract 
Strong, evidence-based coastal management and planning relies on routine monitoring to quantify and 
understand shoreline position over a variety of timescales. The recent advances and availability of satellite-
derived products provides new and exciting data streams for coastal monitoring around the world. This 
study evaluates the capacity of the high-resolution PlanetScope Dove satellite constellation to capture near-
daily shoreline change along sandy coastlines.  Shoreline position from four years of PlanetScope imagery is 
compared against in-situ RTK-GPS survey data (n=385) from Narrabeen-Collaroy beach in the Northern 
Beaches of Sydney, Australia. Through the implementation of a robust shoreline extraction algorithm, the 
accuracy of PlanetScope derived shorelines was determined with a mean observed horizontal root mean 
square error (RMSE) of 4.13m. These results present a twofold increase in shoreline accuracy relative 
to previous satellite remote sensing studies, such as CoastSat, employing publicly available lower resolution 
Landsat satellite data. An example application for the July 2020 storm that impacted Wamberal, NSW is also 
presented to highlight the capability of this emerging data stream for routine and targeted coastal monitoring 
of storm events. 
 

Keywords: remote sensing, beach monitoring, coastal storms, CoastSat. 
 
1. Introduction 
The dynamic nature of sandy coastlines around the 
world poses a major threat to local communities 
who live within the active coastal zone. With major 
hazards including (but not limited to) widespread 
erosion, storm damage, flooding and inundation of 
low-lying areas, the risks associated with coastal 
living are  set to increase into the future with a 
changing climate and rising sea levels [7]. Central 
to mitigating the risk to human life and infrastructure 
is a clear understanding of both short- and long-
term shoreline behaviour and of the underlying 
sediment transport processes and system response 
to change [e.g., 6,11]. In formulating such 
estimates, routine, long-term monitoring and data 
collection are essential to help understand and 
predict the complex behaviour of shorelines. 
Historically, however, this has been a significant 
challenge, with only a limited number of long-term, 
routine monitoring sites around the world [9,13].  
More recently, satellite technologies have been 
used to map shorelines using the Google Earth 
Engine platform (e.g. CoastSat, [15]). These new 
platforms are providing unprecedented data and 
insight into our coastlines, with satellite-derived 
shoreline RMSE on the order of 10m.  This level of 
accuracy allows for shoreline variability on the order 
of 6 months or greater to be captured at most sites 
worldwide [14].  
 
One emerging field is that of satellite constellations 
comprised of hundreds of small (10x10x30cm) 
CubeSat micro-satellites equipped with RGB and 
infrared sensors [10].  Compared to the more 

traditional Landsat and Sentinel-2 satellites that 
provide images with resolutions between 10-30m 
and a revisit time every 2-4 weeks, the PlanetScope 
Dove constellation is capable of imaging the entire 
globe near daily at a spatial resolution of 3m [10]. 
First launched in March 2016, the PlanetScope 
constellation is comprised of 130+ satellites 
arranged in a sun-synchronous orbit around the 
earth [10]. Due to their small size, CubeSat 
satellites are cheap to manufacture and launch 
relative to traditional custom-built satellites. As 
such, the PlanetScope fleet is regularly updated via 
opportunistic third-party rocket launches. At present 
however, PlanetScope Dove images lack the 
panchromatic and short-wave infrared bands 
commonly employed in satellite derived shoreline 
studies that use the coarser resolution Landsat and 
Sentinel-2 platforms [5,8,14].  
 
This paper presents a summary of the assessment 
of the positional accuracy of PlanetScope derived 
shorelines against high resolution in-situ 
measurements from the long-term survey program 
conducted at Collaroy-Narrabeen beach (hereafter 
referred to as Narrabeen). As an additional example 
for its applicability in targeted coastal monitoring, 
PlanetScope derived shorelines from the June 2020 
storms that impacted Wamberal, NSW are also 
presented. 
 
2. Methods 
2.1 Study site and In-situ data 
Located in the Northern Beaches of Sydney along 
the south-eastern coast of Australia, Narrabeen 
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beach is one of the longest continually monitored 
beaches in the world [12]. With surveys 
commencing in 1976, the modern RTK-GPS survey 
program is coordinated by the UNSW Water 
Research Laboratory (WRL) and records monthly 
cross-shore beach profiles along five transects to an 
approximate vertical accuracy of ± 3cm [4]. For the 
purpose of this validation study, WRL survey data 
was utilised for the study period from July 2016 - 
May 2020 encompassing 77 individual survey 
dates. For comparison with PlanetScope (PS) 
derived shoreline data, in-situ shoreline position 
was defined as the 0.7m AHD elevation contour 
(approximating local Mean High Water Springs). For 
a full description of the Narrabeen study site the 
reader is referred to Turner et al. [13]. 
 
2.2 PlanetScope Data 
2.2.1 PlanetScope images 
To investigate the suitability of PS imagery for 
routine shoreline monitoring, all available Analytic 
Ortho Scenes up to May 2020 with a cloud cover 
<10% were downloaded for Narrabeen beach.  This 
cloud cover percentage was found to remove most 
of the un-useable cloud impacted scenes while 
allowing for manual filtering to determine the 
suitability of partially cloud impacted scenes. To 
minimise the impact of shading from buildings and 
trees on shoreline detection on the east facing study 
site, images with a timestamp later than noon local 
time were discarded. As such, 479 image scenes 
satisfying the cloud cover and timestamp criteria 
were downloaded spanning 364 unique dates. 
Manual checking of the images resulted in the 
removal of 20 additional images due to clear visual 
errors. Of these errors, 8 were associated with cloud 
shadows, 12 with partial cloud cover and 7 with PS 
data issues. Most of these errors were not detected 
in the PS provided Unusable Data Mask (UDM). As 
a sun-synchronous constellation orbit, many images 
occurred within an hour of the median Narrabeen 
local solar image timestamp of ~9:30am. With a 
near-daily image recurrence, it was found that the 
filtered subset of available images with <10% cloud 
cover had a median image return period of 2 days. 
 
2.2.2 Image pre-processing 
Derived from raw sensor data captured at an 
average ground sample resolution of 3.7m, the 4-
band multispectral Analytic Ortho Scene product 
was deemed most suitable for shoreline mapping. 
During the orthorectification process, pixel size is 
resampled down to 3m. Composed of Red, Green, 
Blue and Near Infra-Red (NiR) bands, image pixel 
data is provided as Digital Number (DN) values 
which correspond to at-sensor detected radiance. 
To reduce scene-to-scene variability and enable 
direct comparison between images [1], DN values 
were converted to Top of Atmosphere (TOA) 
reflectance via PS provided conversion factors. 
 

2.2.3 Shoreline extraction 
This paper will present one set of methods tested 
for shoreline extraction using the PlanetScope data. 
Additional methods are discussed in [2]. With each 
image composed of a Red, Green, Blue and NiR 
colour band, individual bands may be extracted and 
manipulated to contrast the sand/water interface. As 
each pixel in each colour band is comprised of a 
numeric TOA reflectance, simple arithmetic may be 
performed between bands for each pixel resulting in 
a single band greyscale image. For the purpose of 
water delineation this resultant image is referred to 
as a water index (Figure 1). 
 

 
Figure 1. Shoreline sand/water contouring based on 
optimal threshold value (a) PlanetScope satellite image 
with superimposed derived shoreline (b) Colourised 
greyscale (single band) water index image highlighting 
pixel value variation and optimal threshold shoreline 
value.  

 
Specifically utilising the high absorption of red and 
NIR wavelengths by water and the high reflectance 
of blue wavelengths by sand, this paper uses a NIR-
Blue index to determine a suitable sand/water 
interface: 

NmB = NIR − Blue (1) 
 
From the resultant greyscale water index image, a 
weighted peak (WP) pixel value thresholding 
algorithm is utilised to determine a suitable 
boundary between sand and water: 
 

NIndexOpt =  x�water +  0.7(x�sand − x�water) (2) 
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where 𝑥𝑥�𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 and 𝑥𝑥�𝑠𝑠𝑤𝑤𝑠𝑠𝑠𝑠 correspond to peak (mode) 
water and sand class PDF histogram values, 
respectively. 
 
A contouring algorithm is then employed to extract 
the shoreline for each scene (Figure 1) before 
corrections are made for water level variations 
based on a generic intertidal beach slope.  
 
The instantaneous boundary between sand and 
water pixels in the satellite-derived shoreline is 
highly dependent on local water level conditions. 
With each image nominally captured around 
9:30am each day and therefore various stages of 
the tidal cycle, water level variability must be 
considered for comparison between image dates, 
and against alternate methods of shoreline 
monitoring. Following the method of tidal correction 
outlined by Vos et al. (2019a), shorelines were 
transposed to the 0.7m elevation contour to match 
the shoreline definition used in the WRL Narrabeen 
profile survey data. By matching each image 
timestamp with the corresponding local water level, 
shorelines are transposed horizontally by means of 
a generalised intertidal beach slope (m = 0.1 for 
Narrabeen):  
 

Δ𝑥𝑥 =
𝑧𝑧𝑤𝑤𝑤𝑤𝑟𝑟 − 𝑧𝑧𝑤𝑤𝑤𝑤

𝑚𝑚
 (3) 

 
where zref is the desired elevation contour (0.7m for 
Narrabeen) and zwl the instantaneous water level 
(assumed constant alongshore).  For this study, 
water level is defined as the combination of 
astronomical tide and wave setup relative to mean 
sea level. No additional corrections for water levels 
and waves are included here but can be found in [2]. 
 
3. Results  
The following section presents an analysis of the PS 
derived shorelines relative to in-situ data along 
Narrabeen transects PF1, PF2, PF4, PF6 and PF8. 
For validation purposes the closest PS shoreline 
within 5 days of a survey date was considered a 
match. Through this method, 385 shorelines were 
obtained with a mean absolute time difference 
between image collection and survey date of 30 
hours with 90% of surveys lying within 76 hours.  
Examining the timeseries for each of the five study  

transects (PF8 shown in Figure 3), a strong 
correlation (R2 = 0.79 to 0.89) is observed between 
PS derived shorelines and in-situ data for all 
transects. PS shorelines were able to accurately 
detect annual cycles of erosion and accretion, sub-
annual shoreline variability and episodic storm 
erosion. Additionally, the 2-day image recurrence of 
PS data delivers a higher level of temporal 
resolution than the in-situ data and provides 
information regarding shoreline behaviour between 
in-situ survey dates. Figure 2 provides a summary of 
error statistics for the Narrabeen data set 
comparison.  

 
Figure 2. PlanetScope Shoreline Accuracy Relative to 
In-Situ Transect Data 
 
With the five transect exhibiting distinct behaviours 
over the study period, no alongshore trends were 
noted regarding shoreline residual mean, standard 
deviation, RMSE or range. Overall, these results 
indicate the high degree of PS derived shoreline 
precision relative to in-situ survey data with an 
observed standard deviation of 3.97m and a range 
of SD values between transects of 1.14m. A mean 
landward offset of 1.15m was recorded with the 
range of offset values varying from 0.48m to 1.61m. 
With this offset increasing the observed RMSE 
value relative to the standard deviation, an overall 
RMSE of 4.13m was noted. This level of shoreline 
accuracy is comparable with far-field (~1000m) 
measurements from Narrabeen image based 
systems including Argus [4] and CoastSnap [3]. 
Relative to the CoastSat toolbox and previous 
satellite derived shoreline studies at Narrabeen 
[5,14], these results present an almost 50% 
decrease in observed RMSE values.  
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4. Example Application: Wamberal, NSW 
A severe weather event impacted the NSW 
coastline between the 14th and 19th July 2020. The 
event, termed an “East Coast Low”, created large 
wave conditions that resulted in beach erosion at 
many NSW beaches, with particularly severe 
impacts experienced at Wamberal, on the NSW 
Central Coast. Beach erosion encroached on 
numerous private properties along the eastern side 
of Ocean View Drive and Pacific Street in 
Wamberal, resulting in structural damage to several 
dwellings and other built assets.  Based on offshore 
met-ocean conditions, the storm was approximately 
a 10-year ARI level storm (Hs = 6.9m) and was 

ranked as the 6th most severe event recorded since 
1958. The total volume of sand removed from the 
beach (above 0 m AHD level) was of the order of 65 
m3/m.  Examining the pre- and post-storm 
shorelines captured from PlanetScope (Figure 4), 
shoreline erosion ranged from 0m at the southern 
end of the embayment (chainage ~ 2200m) up to 
40m (chainage ~1100m) and was quite alongshore 
variable at alongshore scales of 200-500m. 
Examining the longer term shoreline position at 
chainage = 1300m between April-September 2020, 
it is also evident that the beach did not rapidly 
recover from the event, rather continued to slowly 
erode over the following months.  

 
 

    
Figure 4. PlanetScope shoreline position at chainage = 1300m for the period April – September 2020, highlighting the large 
erosion event that occurred in July 2020 at Wamberal Beach, NSW. No in-situ data was available at the site for validation 
purposes.  

 
5. Conclusions 

 
Providing 4+ years of imagery with a median image 
recurrence of 2 days, PlanetScope data is well 
suited to capture annual, seasonal and short-term 
shoreline variability. As an expanding fleet of 
satellites with continual data collection, the value of 
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PlanetScope imagery as a source of long-term, high 
resolution shoreline data will only increase into the 
future as further data is collected. 
 
6. Acknowledgements 
Water level data was kindly provided by Manly 
Hydraulics Laboratory. Images were downloaded 
under a research licence from PlanetLabs. The 
authors also thank the many students who have 
contributed to the data collection at Narrabeen 
which have made this comparison possible. The 
long-term monitoring program at Narrabeen has 
been generously supported by Northern Beaches 
Council (Formally Warringah Council); and the 
Australian Research Council. The results from the 
wider study are being prepared for journal 
publication. The codes are being prepared for 
release via GitHub as part of the larger journal 
publication.  
 
7. References  
[1] Chander G, Markham BL, Helder DL. (2009). 
Summary of current radiometric calibration coefficients for 
Landsat MSS, TM, ETM+, and EO-1 ALI sensors, Remote 
Sens. Environ. 113. 893–903. 

[2] Doherty Y, Harley MD, Vos K, Splinter KDM. (n.d.). 
Evaluation of planetscope dove satellite imagery for high-
resolution, near-daily shoreline monitoring, Prep Coast. 
Eng.  

[3] Harley MD, Kinsela M, Sanchez-Garcia E, Vos K. 
(2018). Shoreline change mapping using crowd-sourced 
smartphone images, Coast. Eng. in review. 

[4] Harley MD, Turner IL, Short AD, Ranasinghe R. 
(2011). Assessment and integration of conventional, 
RTK-GPS and image-derived beach survey methods for 
daily to decadal coastal monitoring, Coast. Eng. 58. 194–
205. 

[5] Liu Q, Trinder J, Turner IL. (2017). Automatic super-
resolution shoreline change monitoring using Landsat 
archival data: a case study at Narrabeen–Collaroy Beach, 
Australia, J. Appl. Remote Sens. 11. 016036. 

[6] Montaño J, Coco G, Antolínez JAA, Beuzen T, Bryan 
KR, Cagigal L, Castelle B, Davidson MA, Goldstein EB, 
Ibaceta R, Idier D, Ludka BC, Masoud-Ansari S, Méndez 
FJ, Murray AB, Plant NG, Ratliff KM, Robinet A, Rueda A, 
Sénéchal N, Simmons JA, Splinter KD, Stephens S, 
Townend I, Vitousek S, Vos K. (2020). Blind testing of 
shoreline evolution models, Sci. Rep. 10. 

[7] Oppenheimer M, Glavovic B. (2019). Chapter 4: Sea 
Level Rise and Implications for Low Lying Islands, Coasts 
and Communities. IPCC SR Ocean and Cryosphere, 
IPCC Spec. Rep. Ocean Cryosph. a Chang. Clim. [H.- O. 
Pörtner, D.C. Roberts, V. Masson-Delmotte, P. Zhai, M. 
Tignor, E. Poloczanska, K. Mintenbeck, M. Nicolai, A. 
Okem, J. Petzold, B. Rama, N. Weyer (Eds.)]. Press. 
Chapter 4. 1–14. 

[8] Pardo-Pascual JE, Almonacid-Caballer J, Ruiz LA, 
Palomar-Vázquez J. (2012). Automatic extraction of 
shorelines from Landsat TM and ETM+ multi-temporal 
images with subpixel precision, Remote Sens. Environ. 
123. 1–11. 

[9] Pianca C, Holman R, Siegle E. (2015). Shoreline 
variability from days to decades: Results of long-term 
video imaging, J. Geophys. Res. C Ocean. 120. 2159–
2178. 

[10] Planet, Planet Imagery Product Specifications June 
2020, (2020). 

[11] Sanuy M, Jiménez JA. (2020). Probabilistic 
characterisation of coastal storm-induced risks using 
Bayesian Networks, Nat. Hazards Earth Syst. Sci. 
Discuss. preprint. 1–23. 

[12] Splinter KD, Harley MD, Turner IL. (2018). Remote 
Sensing Is Changing Our View of the Coast : Insights from 
40 Years of Monitoring at of, Remote Sens. 10. 1744. 

[13] Turner IL, Harley MD, Short AD, Simmons JA, Bracs 
MA, Phillips MS, Splinter KD. (2016). A multi-decade 
dataset of monthly beach profile surveys and inshore 
wave forcing at Narrabeen, Australia., Sci. Data. 3. 
160024. 

[14] Vos K, Harley MD, Splinter KD, Simmons JA, Turner 
IL. (2019). Sub-annual to multi-decadal shoreline 
variability from publicly available satellite imagery, Coast. 
Eng. 150. 160–174. 

[15] Vos K, Splinter KD, Harley MD, Simmons JA, Turner 
IL. (2019). CoastSat: A Google Earth Engine-enabled 
Python toolkit to extract shorelines from publicly available 
satellite imagery, Environ. Model. Softw. 122. 104528. 

 

382



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Slipping and Deconstruction of the HMAS Success 
Monique C. Draycott and Uddish Singh 
 

Slipping and Deconstruction of the HMAS Success 
 

Monique C. Draycott1 and Uddish Singh2 
1 Wallbridge Gilbert Aztec (WGA), Adelaide, Australia; MDraycott@wga.com.au  

2 Wallbridge Gilbert Aztec (WGA), Adelaide, Australia 
 

 
 
Abstract 
The HMAS Success was the longest serving ship in the Royal Australian Navy fleet. With an overall length of 
157 metres and a displacement of over 18,000 tonnes fully laden, she was decommissioned by the Navy in 
2019 after 33 years of service as an oil refuelling vessel. The Navy requested the deconstruction of the 
vessel to occur in Australia, and with no dedicated facility this posed a unique challenge. McMahon Services 
were commissioned with the vessel deconstruction with WGA providing engineering support. 
 
The vessel was initially towed to Port Pirie, whereby deconstruction began to strip the vessel of major 
components and to demolish its upper levels. The remaining vessel hull was slipped in April 2020 on a 
previously disused and deteriorated slip at Whyalla, in regional South Australia. Due to the slip condition and 
uneven levels, major civil upgrades were required to the slip to allow the retrieval of the hull on rolling 
airbags. The vessel was pulled up the slip with two 100t winches, reeved to an equalizing bridle capable of a 
total pull capacity of 600 tonnes.  
 
This paper will explore the engineering design complexities associated with slipping the vessel’s remaining 
4000 tonne hull. This included; 

• Design of a winch base capable of restraining a 600 tonne pull. By use of a large buried steel grillage 
deadman anchor wall and utilising the vessel’s original anchor chain to connect to the wall, in-situ 
concrete or piling works could be avoided.  

• Design of a hauling bridle with sheaves to allow equalisation of stresses either side of the vessel 
during winching.  

• Careful planning of the vessel retrieval with airbags, on a very tidally constrained slipway. 
 
Keywords: vessel deconstruction, slipway, maritime engineering, demolition 
 
1. Introduction 
The HMAS Success was a Durance-class 
replenishment oil vessel in the Royal Australian 
Navy. During her years of service, she provided 
operational support for deployed naval vessels by 
providing them with replenishment supplies of fuel, 
provisions and munitions, thus allowing deployed 
vessels to operate for longer periods.  

 
Construction of the HMAS Success commenced in 
August 1980 by Vickers Cockatoo Dockyard in 
Sydney, and was completed in 1984 at a cost of 
$68.4 million. She was commissioned into the 
Royal Australian Navy on 23 April 1986 as HMAS 
Success (II) with pennant number OR304 (refer 
Figure 1). 
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In late 2010, the ship underwent a significant hull 
retrofit, where it was converted from a single hull to 
a double hull to comply with the International 
Maritime Organization (IMO) regulations for the 
prevention of pollution by oil, for tankers over 
5,000 dwt.  
 

 
Figure 1   The HMAS Success in her entirety during her 
operational years[3] 

 
The HMAS Success was decommissioned on 29 
June 2019 after 33 years of service, making it the 
longest serving ship in the Royal Australian Navy. 
Over the course of her commission, she had 
steamed over 997,000 nautical miles [3].  
 
After decommissioning, the Department of 
Defence requested deconstruction of the vessel to 
occur in Australia, and with no dedicated facility to 
dry dock such a large vessel (refer Table 1), this 
posed a unique challenge. 
Table 1   HMAS Success vessel particulars 

Vessel Particulars  
Displacement 18,000 t (full load) 

7,800 t (standard) 
Length 157.2 m 
Beam 21.2 m 
Draft 8.6 m 

 
2. Deconstruction Philosophy 
McMahon Services (MCM) was commissioned with 
the vessel deconstruction, with Wallbridge Gilbert 
Aztec (WGA) engaged to provide specialist 
maritime engineering for restraint of the winches 
during the pull and design hauling equipment.  
 
The deconstruction philosophy involved: 
1) Towing the vessel from Sydney to berth 

temporarily in Port Pirie, South Australia, to 
commence initial demolition to reduce the 
vessel to a tonnage that could be slipped. 

2) Undertaking modifications to the vessel to 
enable towage and slipping, including 
installation of a trunnion beam to enable 
towing and slipping.  

3) Repurposing of the old slipway at Whyalla by 
completing major civil upgrade works and 
installing a winch base, anchor wall and 
equalising beam to enable slipping.  

4) Towing the partially deconstructed vessel to 
Whyalla, South Australia, where it was to be 
pulled up the repurposed slipway with the aid 
of a twin winch system with hauling bridle and 
rolling airbags. 

5) Completing the remaining deconstruction of 
the remaining hull in Whyalla. 

 
One of the key requirements in WGA’s engineering 
design was to utilise existing equipment, in order to 
minimise the procurement of new materials and 
components. MCM had purchased some items 
specifically for the project, whilst others were 
retrieved from the vessel during initial demolition or 
were spare/leftover from previous MCM projects. 
The available equipment is shown in Table 2. 
Table 2   Available equipment for engineering design 

Available 
equipment 

Item specification / detail 

Winches 2 winches, 100t capacity (each) 

Winch line 60mm diameter braided steel 
wire rope 

Steel sections 
and plate 

914RSJs (eight lengths of 6m) 
610UB101 (limited stock) 
530UB82 (limited stock) 
¾” plate (19mm) 

Anchor chain 66mm U3 stud link chain in 
27.5m lengths (95 kg/m).  

Turnbuckles 2 off 75mm diameter to suit 
anchor chain 

Hauling bridle 
beam 

600 deep x 280 wide x 60 thick 
I-Beam 

Trunnion 
beam 

360 x 60 thick CHS 

Equalising 
Sheaves 

2 sheaves, 100t line capacity 

Towing line 4 off 56mm diameter steel 
braided wire rope 

 
3. Initial Demolition 
The vessel was initially towed to Port Pirie, 
whereby deconstruction began to strip the vessel 
of major components and to demolish its upper 
levels (Figure 2).  
 

 
Figure 2   Initial demolition in Port Pirie showing the 
bridge and upper levels removed (compared to the 
complete vessel shown in Figure 1) 
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The initial demolition stage successfully removed 
over 3,200 tonnes of componentry and hull 
structure, as well as 6,100 tonnes of water ballast 
and hydrocarbons [1]. The remaining hull weight 
for slippage was calculated to be approximately 
3,600 tonnes (Figure 3). 
 

 
Figure 3   Remaining 3,600t hull of the vessel leaving 
Port Pirie after initial demolition 

 
4. Winch base and anchor wall 
MCM purchased two 100t capacity winches (refer 
Table 2) specifically for the project, and with each 
winch able to be triple reeved, a total 600t force 
was able to be applied to slip the vessel. This force 
was required to be resisted by the winch base and 
deadman anchor wall.  
 
WGA’s design philosophy was to resolve the winch 
forces into two elements -  a winch base to resist 
overturning, and a deadman anchor wall to resist 
sliding. 
 
The winch base utilised the existing 914RSJs 
(refer Table 2). Concept design commenced with 
allocating four RSJs longitudinally to coincide with 
the winch bolt locations. 914RSJ transverse 
members were added for full end restraint and 
limiting the buckling length of the longitudinal 
members.  
 

 
Figure 4   Arrangement of winch base showing four 
longitudinal and three transverse 914RSJs 

 
The overturning moment was resisted by self-
weight of the frame, winches and a hydraulic 
power unit (HPU), as well as additional ballast that 
was made up of crane bog mats and 
counterweights.  
 
The end transverse beams were founded on 2.4m 
wide, 6m long and 250mm thick concrete bearing 
pads, to reduce the bearing pressure underneath 
the frame. The dimensions were governed by the 
length to limit bearing pressure on the slipway in 
modules that were precast and road transportable. 
 
The rear connection to the deadman anchor wall 
was detailed to be central to the web of the 
longitudinal RSJs, which avoided minor axis 
bending of the rear transverse RSJ under high 
loads.  
 
The design of the deadman anchor wall was 
required to resist a 600t sliding force. The area 
required to engage the passive soil wedge in front 
of the wall governed the wall dimensions of 5m 
high and 12m wide. The wall was fabricated 
entirely from steel from the available equipment 
(refer Table 2).   
 
For ease of fabrication, transport and installation, 
the wall was designed as four separate 3m wide 
modules. Each module consisted of five vertical 
610UB101s with connector plates top and bottom, 
and ¾” (19mm) plate on the front to engage the 
passive soil wedge (refer Figure 5). 

 

 
Figure 5   Deadman anchor wall elevation (top) showing 
four 3m wide modules, and the wall in isometric view 
(bottom). Note: Front plate not shown for clarity. 
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Two remaining lengths of 914RSJs were adopted 
for the waler, as composite beam action was 
required to resist large bending moments from 
concentrated tie rod loads.  
 
The modules were connected on site by bolting the 
twin 914RSJ waler to two 610UBs in each module, 
and additional 530UB82 walers were bolted to the 
top and bottom for additional rigidity. 
 
The winch base was connected to the deadman 
anchor wall using the vessel’s original anchor 
chain in lieu of traditional tie rods. The angles of 
the anchor chains were carefully designed and 
detailed such that even tensioning of the chains 
would occur. Because of this, the two outer chains 
were splayed by 5.6 degrees, and were fitted with 
the two available turnbuckles, whilst the two inner 
chains remained straight. 
 
The use of the anchor chain meant standard bolts 
or pins were not able to be used for connections. A 
series of ϕ80mm EN26 high tensile steel pins, heat 
treated to Condition Z were specified. The heat-
treated pins were a fraction of the cost of 
alternative 85t shackles.  
 
Construction and installation sequencing was a 
critical step to ensuring the winch base and 
deadman anchor wall performed as designed. The 
two most important aspects were: 
• Nominating fill and compaction requirements to 

engage the passive soil wedge in front of the 
deadman anchor wall 

• Ensuring equal tension in the anchor chains to 
eliminate uneven loading that could cause the 
deadman anchor wall to rotate. 

 
The following construction and installation 
sequence was nominated by WGA and carried out 
on site by MCM: 
1) A 2.5m wide trench was excavated to 

comfortably fit the deadman anchor wall, and 
benched in 1m layers to the slipway surface for 
safe personnel access for the remainder of the 
installation. 

2) The anchor wall was lifted into the trench, 
correctly positioned and temporarily restrained, 
whilst the bottom 1.5m of the trench was filled 
with cement-stabilised sand. This ensured 
adequate compaction and passive resistance 
in the bottom portion of the wall that 
construction equipment would find difficult to 
access. 

3) The anchor chains were installed by 
connecting them to the twin-914RSJ waler, 
protruding them through the front face of the 
wall and connecting them to the rear lugs on 
the winch base. The two outer chains (splayed 
chains with turnbuckles) were kept slightly 
loose.  

4) The winch base was pulled forward to tension 
the two inner chains, and the turnbuckles on 
the two outer chains were tightened to achieve 
the same level of tension as the two inner 
chains. 

5) The remainder of the deadman anchor trench 
was backfilled and compacted in even layers. 
The front of the wall was backfilled with a 
granular rubble, compacted to 95% Modified, 
to ensure good passive resistance. The rear of 
the wall was backfilled with site-won excavated 
material.  

 

 
Figure 6   Installation of the deadman anchor wall 
showing benching, anchor chains and partial backfilling 

 
5. Hauling Bridle 
A hauling bridle assembly was used as part of the 
towing arrangement to pull the vessel up the 
slipway (refer Figure 7). The hauling bridle was 
required to perform two key tasks: 
1. Provide the connection interface between the 

landside winches and ship trunnion beam. 
2. Facilitate line equalisation to prevent overload 

of individual components such as lines, 
winches and sheaves throughout the slipping 
process. 

 
Figure 7   Hauling bridle arrangement showing existing 
components in grey and modified / strengthening works 
in red and orange. 
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The bridle was designed around the existing 
components that MCM had purchased (mainly the 
hauling bridle beam and equalising sheaves, refer 
Table 2). Both components had an approximate 
working load limit of 60t. Significant strengthening 
works were required to these components due to 
the larger load (600t overall) that they would be 
subjected to.  
 
The hauling bridle beam (Figure 8) was 
strengthened with the addition of a 400 deep x 280 
wide x 40 thick T-section welded to the back of the 
existing beam to resist the increased bending and 
shear actions. For shear flow considerations, a full 
penetration butt weld was required between the 
existing beam and the strengthening works. In 
addition to the T-section, a new attachment lug 
assembly was designed with plating and stiffening 
works to allow for a direct and robust load path 
between the ship connection, hauling bridle and 
winches. 
 

 
Figure 8   Hauling bridle beam showing T-section and 
lug strengthening (shown red). 

Further to the above strengthening works, a new 
triangular equalising plate arrangement (Figure 9) 
was designed to facilitate line equalisation 
between the towing lines from the ship and 
landside winches. The equalising plate 
arrangement was required to resist the full 600t 
design load along with allowing quick line 
attachment between the ship lines and hauling 
bridle due to the tidally constrained slipping 
process (further discussed in Section 7).  
 
To satisfy the above requirements, EN26 high 
tensile steel pins heat treated to Condition V were 
designed along with a custom bobbin to reduce 
overall size and mass, as these were manually 
handled components. In addition to this, localised 
plate stiffening around the pins were designed to 
prevent plate tear out. 
 

 
Figure 9   Triangular equalising plate design showing 
EN26 heat treated pins and custom bobbin design. 

The existing equalising sheaves provided by MCM 
were also modified to account for the hauling bridle 
rigging arrangement and equalisation of lines 
between the ship, bridle and winches. A custom 
support plate and stiffening works were required 
on the sheaves due to the fleeting line angle from 
the winch, generating a torque on the sheaves and 
connection to the hauling bridle. Figure 10 outlines 
the works undertaken on the existing sheaves. 
 

 
Figure 10   Equalising sheave showing custom support 
plate and stiffening works. 

 
The final hauling bridle assembly (Figure 11) was 
as follows: 
• Modified equalising sheaves attached either 

side of strengthened hauling bridle beam. 
• 2 off 60mm diameter steel wire ropes attached 

to winch and equalising sheave assembly in a 
double reeving configuration. 

• Triangular equalising plate arrangement 
attached to strengthened hauling bridle lug. 

• 4 off 56mm diameter wire ropes attached to 
triangular equalising plate bobbins (2 lines per 
bobbin either side) and ship trunnion beam 
(further discussed in Section 6). 
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Figure 11   Hauling bridle assembly showing modified 
equalising sheaves, triangular equalising plate 
arrangement and strengthened hauling bridle beam. 

 
6. Vessel Modifications for Towing and 

Slipping 
The proposed method of attaching the hauling 
bridle arrangement to the vessel was to spear a 
ϕ360 x 60 thick CHS trunnion beam through the 
vessel’s hull and attach the towing lines from the 
triangular equalising plate arrangement to the 
trunnion beam. This methodology required the 
following: 
• Strategically locating the trunnion beam in a 

region of the vessel which allowed for 
economical strengthening works to the hull. 

• Hull strengthening works to provide the 
adequate capacity for the design load (300t 
either side of vessel). 

• Modifications to the trunnion beam to allow for 
towing line attachment. 

 
The trunnion was located between Watertight 
Bulkheads (WTB) 136.6 and 141.5 above deck 5 
(Figure 12). This region was deemed to be the 
area of hull that was most accessible for hull 
strengthening works.  

 
Figure 12   Trunnion beam location 

Despite the fact that the vessel was scheduled for 
demolition, the vessel’s hull was not designed to 
be pulled up a slipway in this manner. Therefore 
significant strengthening works were required to 
the hull plating to ensure that plate stresses were 
not exceeded for the design pull load (600t total, 
300t either side of vessel). The strengthening 
works adopted was a 40 thick doubler plate fully 
welded to the inside face of the outer hull skin. 25 
thick plate stiffeners were then welded to the 
doubler plate and internal hull structure to engage 

the WTB. Figure 13 shows a snapshot of the 
internal hull strengthening works undertaken. 
 

 
Figure 13   Hull strengthening works showing 40 thick 
doubler plate and 25 thick stiffeners. 

 
The trunnion beam (Figure 14 and Figure 15) was 
grouted due to localised force concentrations at 
the interface between the hull and trunnion wall. In 
addition to these works, a ϕ406 x 16 thick CHS 
trunnion cap was designed with support stubs to 
prevent line slippage during towing of the hull and 
hauling up the slipway. 
 

 
Figure 14   Plan view of trunnion beam strengthening 
showing extent of grout and ϕ406 x 16 thick CHS 
trunnion cap. 

 
Figure 15   Final trunnion beam arrangement 
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7. Vessel Slipping 
The slipping methodology adopted to bring the 
vessel hull up the slipway using the available 
facilities and resources was as follows: 
1. Lay out inflatable airbags on slipway and 

prepare hauling bridle assembly for connection 
to the trunnion beam. 

2. Begin vessel slipping at hightide to allow for 
the maximum length of hull to be floated and 
positioned over the slipway. 

3. Support vessel’s bow from swaying with 
temporary bollards and excavators. 

4. Once vessel is in towing position, connect 
trunnion beam lines to hauling bridle assembly. 

5. Inflate airbags under vessel in sequential order 
and begin towing (Figure 16) 

6. Tow vessel up the slipway to final anchor 
position and transfer load from hauling bridle to 
anchor chains mounted to the winch base 
(Figure 17). 

 

 
Figure 16   Vessel arrangement prior to towing 

 
Figure 17   Vessel at final anchor position 

The proposed slipping methodology was dictated 
by tidal levels and times, and there was a very 
specific time-based sequence adopted and 
followed to avoid grounding of the vessel’s stern. 
 
In addition to this, key consideration was given to 
the vessel’s stability to ensure that the vessel was 
supported from rolling over or sliding back down 
the slipway at first contact with the airbags. This 
support was achieved through the reaction of the 
airbags on the hull and by strategically placing key 
support airbags along the vessel’s length to ensure 
that the overturning moments were addressed. 
 

8. Deconstruction  
After successful slipping of the vessel, MCM used 
excavator-mounted shears to cut up the remainder 
of the vessel. Over the course of the 
deconstruction, the vessel provided about 25 
different ferrous and non-ferrous materials, which 
were all separated and transported to different 
markets around the world for recycling, thus 
completing the deconstruction, scrapping and 
recycling (DSR) process [2].  
 
9. Summary  
The deconstruction of the HMAS Success was a 
unique project that required the design of complex 
structures and hauling equipment to retrieve the 
3,600t vessel hull.  
 
The key engineering design complexities can be 
summarised as follows: 
• Re-using existing steel sections for the winch 

base and anchor wall, to minimise 
procurement of new components. 

• Specifying a construction and installation 
sequence for the deadman anchor wall such 
that anchor chains were evenly tensioned, with 
only two turnbuckles available, and passive 
pressure was engaged. 

• Arrangement and strengthening of the hauling 
bridle to enable line equalisation and provide 
the most robust and direct load path possible.  

• Achieving adequate capacity of the trunnion 
beam and hull strengthening to allow the 
vessel to be pulled up the slipway. 

• Calculating airbag reactions to ensure stability 
of the vessel at all stages of the slipping. 

 
The components designed as discussed in this 
paper performed adequately which resulted in 
successfully slipping the vessel. 
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Abstract 
Coastal engineering practitioners are regularly faced with the difficulty of managing areas subject to beach 
erosion and inundation while having limited monitoring data of the coastal zone. In most cases, coastal data 
is sporadic, outdated or no longer represents the constantly changing nature of the nearshore which often 
hinders the long-term success of coastal management decisions. While routine monitoring of the nearshore 
using camera-based systems is a well-established technique, these systems have traditionally been costly to 
establish and generally beyond the resources available for most projects. A low-cost smart camera system is 
presented here to overcome these challenges by combining start of the art machine learning algorithms with 
established image processing techniques to quantify beach usage and track shoreline change. The innovative 
system is completely self-contained and can be easily installed on existing beach infrastructure such as on 
lifeguard towers to provide long term continuous data that allows for analysis of coastal change in response to 
storm events and patterns of beach use to understand the value of beaches to our communities.  This paper 
presents the capability of the system applied on a number of projects on the NSW Central Coast to investigate 
the morphological impact of a nourishment program as well as supporting operational coastal management of 
lagoon entrances. Shorelines extracted from the system are shown to demonstrate close agreement with data 
captured through an intensive drone photogrammetry campaign. Insights into ‘the business of the beach’ are 
also provided through analysis of patterns of beach usage including daily and seasonal trends in beach 
visitation. The smart camera system detailed in this paper is shown to provide a cost-effective solution to 
unlock unprecedented information about shoreline change and beach visitation data. This information is 
becoming increasingly critical as we attempt to understand the value of beaches to our communities and 
develop sustainable future management strategies to protect our beaches for future generations. 
 
Keywords: coastal management, coastal monitoring, machine learning, smart cameras, beach erosion 
 
1. Introduction 
Coastal engineering practitioners are regularly 
faced with the difficulty of managing areas subject 
to beach erosion and inundation while having 
limited monitoring data of the coastal zone. In most 
cases, coastal data is sporadic, outdated or no 
longer represent the constantly changing nature of 
this area which often hinders the long-term success 
of coastal management decisions. Using camera-
based systems to monitor the coastline is a well-
established technique including its use for over 20 
years to monitor shoreline change on Gold Coast, 
QLD [2]. Recent camera and software technology 
advances have opened up new opportunities in the 
availability and analysis of coastal images such as 
citizen science shoreline monitoring [5], wave 
breaking analysis of rip zones [7] and pedestrian 
detection using machine learning [4]. Coastal 
monitoring systems have traditionally been costly to 
establish, challenging to configure and difficult to 
install due to the requirement for a permanent 
power supply and dedicated internet connection [8]. 
These factors have limited widespread adoption of 
this monitoring method on coastal projects as the 
systems are beyond the resources available for 
most coastal monitoring studies.  Breakthroughs in 
recent years in the fields of robotics and 
autonomous driving have led to significant progress 
in the use of machine learning to detect pedestrians 
in images however this is yet to be widely applied to 
quantify beach usage in coastal areas. A low-cost 
smart camera system is presented here to 

overcome these challenges by combining state of 
the art machine learning algorithms with established 
image processing techniques to quantify beach 
usage and track shoreline change. 
 
2. Materials and Methods 
2.1 Camera system  
To provide cost-effective coastal monitoring we 
developed the Beachstat smart camera system with 
features as described in Table 1. Each system 
comprises a self-contained Swift Enduro 4G camera 
which is capable of data transfer of images and 
videos via the cellular network. The system is 
powered indefinitely through a solar panel to collect 
an image and a 10 second video clip every 15 
minutes during daylight hours. The system settings 
can be programmed remotely as needed; such as 
to increase image capture frequency in the lead up 
to a coastal storm event. 

Table 1   Features of the smart camera system 

Feature Details 
Camera model Swift Enduro 4G  
Price  AUD $700 

Power and data 
transfer 

Solar powered with 4G 
transfer via cellular network 

Data frequency Image and 10 sec video 
every 15 minutes during 
daylight hours 

Features • Shoreline monitoring 
• Beach user counting 
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Figure 1   The WRL Beachstat smart camera system. Clockwise from top left: installation on a lifeguard tower; disguised 
inside a possum box to prevent vandalism; directly mounted to a tree; camera view of lagoon entrance at Avoca Beach, 
NSW; machine learning based user detection at Ettalong Beach, NSW. 

As the unit is self-contained and self-powered, it 
significantly lowers the cost barrier required for 
installation and allows for flexible installation in 
remote locations or easily on coastal infrastructure 
such as lifeguard towers (Figure 1). Captured 
images are backed up locally on an SD card as well 
as being transmitted which mitigates the risk of lost 
data in the event of theft or vandalism of the system. 
The systems are robust and weather proof with 
deployments ideally suited for 12 month periods 
however some cameras continue to be operational 
after over two years in the field. The system 
transmits between 5GB to 15GB of data per month 
which can be covered under relatively low-cost 
mobile data packages (AUD$50/month). The 
system transmits imagery in real time to a cloud-
based server paired with a bespoke online 
dashboard to streamline access to live and archived 
imagery, timelapse videos showing the past week of 
beach change, shoreline analysis alongside 
environmental monitoring data of water levels, 
waves and weather forecasts (Figure 2).  
 
2.2 Central Coast NSW smart camera network 
A network of ten smart camera systems were 
installed on the NSW Central Coast located 100 km 
north of Sydney to assist the local Council in 
management of their coastline. The first camera 
was initially installed in April 2019 onto the Ocean 
Beach lifeguard tower to monitor the shoreline 

response to a nourishment exercise that included 
placement of 10,000 m3 of sediment on the beach 
area. This camera deployment was combined with 
collection of monthly drone photogrammetry 
surveys which have been used to validate the 
accuracy of camera derived shorelines.  Since the 
success of this initial camera deployment, the 
network has expanded to currently (at July 2021) 
monitor nine other coastal locations. This network is 
used by Central Coast Council to support 
operational management of five coastal lagoon 
entrances (Figure 4) and to monitor coastal change 
at erosion hotspots located at Wamberal Beach and 
The Entrance North. The dashboard associated 
with this network presented in Figure 2 and is 
available for viewing at  https://arcg.is/15y54T.   
 
2.3 Shoreline analysis 
Shoreline change mapping using imagery from the 
smart camera system is routinely undertaken using 
the Coastsnap shoreline detection algorithm [5]. 
This methodology is based on a four-step process 
comprising of:  
1. A precise survey of the camera and multiple 

ground control points within the field of view; 
2. Georeferencing of oblique images into real 

world coordinates using the survey to calculate 
the roll, tilt, azimuth and lens distortion of the 
camera (Figure 3); 
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Figure 2   Beachstat Dashboard providing access to real-time images from a network of nine smart cameras deployed on 
the NSW Central Coast to support operational management of beach activities by Central Coast Council. 

3. Mapping of the horizontal position of a shoreline 
using a shoreline edge detection technique that 
exploits the variation in the RGB colour 
spectrum between the land and the ocean;  

4. Correction of the shoreline position based on 
the predicted tide level and elevation 
associated with any given image. 

 
A number of equally spaced transects are used to 
extract the beach width between a fixed landward 
benchmark in the backshore to the shoreline edge. 
These beach widths are then averaged alongshore 
to provide an estimate of the beach width at each 
timestep. Using this method allows for quantification 
of changes to the intertidal shoreline on sub-daily 
intervals (i.e. every 15 minutes). While shorelines 
extracted during storm conditions are useful for 
understanding processes such as wave runup, they 
are generally excluded from analysis of beach 
width. This is because storm conditions are usually 
dominated by factors such as wave setup, runup 
and wind/barometric forcing which are not 
accounted for in the analysis technique which only 

considers water level corrections for astronomical 
tides. 
 
2.4 Machine learning beach user detection 
Recent advances in machine learning algorithms 
have led to significant improvements in the 
accuracy of pedestrian detection in imagery. A 
state-of-the-art pedestrian detection model [6] was 
used as the basis for beach user counting images 
captured by the smart camera system.  This pre-
trained machine learning detection model was 
retrained using over 10,000 manual annotations to 
improve its reliability to count beach users located 
on the dry beach and in the water. Detection of 
swimmers in the water was achieved by the model 
despite the challenge that this class is often 
obscured and has a smaller pixel footprint. The 
machine learning model outputs a bounding box 
around each detection of a beach user as well as a 
confidence score of the detection (Figure 5). Spatial 
trends in beach usage were also explored by 
translating detections into real world coordinates 
using the image rectification process (Figure 5).

 
Figure 3 Example of the image rectification process from oblique camera imagery at the Ocean Beach camera during a 
beach nourishment exercise as well as the shoreline detection on the same image georeferenced to world coordinates. 
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Figure 4 Sequences of mechanical openings of ICOL entrances at Terrigal Lagoon by Council prior to a flood event in May 
2020 (top) and unauthorised opening of Cockrone Lagoon, Macmasters Beach by the community in Nov 2020 (bottom) 

 
It should be noted that while this analysis technique 
provides counts of instantaneous users visible in an 
image captured by the system every 15 minutes, it 
does not identify or track them between each image. 
The ability to track unique beach users is not 
possible without implementing a costly continuous 
video feed analytics solution. An assumption of a 
typical duration of a beach visit was therefore 
required to convert from instantaneous people 
counts to total daily users. There is very limited data 
available on the typical duration of a beach visit with 
the only data known to the authors contained in [1] 
and [4] which included on-site and online surveys 
for users of Manly Ocean Beach (Sydney), Collaroy-
Narrabeen Beach (Sydney) and Waikiki, (Hawaii) 
and estimated the following beach visit durations: 

• Manly Ocean Beach:  
o Average visit duration: 2.5 hours 
o ± Standard deviation: 1 hour to 4 hours 

• Collaroy-Narrabeen Beach:  
o Average visit duration: 2 hours 
o ± Standard deviation: 0.5 hour to 3.5 

hours 
• Sans Souci Beach, Waikiki:  

o Average visit duration: 3.9 hours 
 
The best available data indicates that a typical 
beach visit at this/our/name of place location would 
last for an hour and could typically range from 0.5 to 
4 hours. Based on this range, instantaneous people 
counts have been converted to total daily users by 
assuming a typical visit of 1 hour.  

  
Figure 5 Results of the model to detect beach users on the dry beach and in the water (left) and heat map of detections 
showing spatial patterns of beach usage (right)  
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Figure 6   Results of shoreline analysis of Ocean Beach, NSW throughout 2019 during a beach nourishment 
exercise involving placement of 10,000m3 of beach material dredged from the adjacent navigation channel.  
 
3. Results 
3.1 Shoreline monitoring 
Results of shoreline monitoring of the nourishment 
exercise at Ocean Beach identified an overall 
accretionary trend at a rate of +1 m per month for 
the period between April and December 2019 
(Figure 6). The widest beach width identified during 
the monitoring period occurred on 13th June 2019 
when a low tide terrace bar welded to the shoreline, 
whereas the most landward waterline captured 
during monitoring occurred on 4th June 2019 
midway through a major storm. The accuracy of 
camera derived shorelines were investigated 
through comparison with in situ field measurements 
collected via drone photogrammetry (Figure 7). This 
comparison identified shoreline positions were 
located within +/- 1 m horizontally from both 
techniques. These results demonstrate confidence 
in the accuracy of the camera derived shorelines 
which were able to provide monitoring data at a 
much higher temporal frequency than the drone 
survey deployments at a much lower cost.  
 
Shoreline monitoring was also used to quantify the 
impact on Wamberal Beach caused by a severe 
weather event that impacted the NSW coastline 
between the 14 and 19 July 2020.  The event, 
termed an East Coast Low, created large wave 

conditions that resulted in significant damage to 
beachfront properties at Wamberal Beach [3]. The 
storm produced a peak significant wave height of 
6.9 m from a south-east direction and was the sixth 
most severe storm to occur over the past 62 years 
based on cumulative storm energy [3].  The 
response of Wamberal Beach to this storm event 
has been quantified through shoreline analysis from 
our smart camera system (Figure 8). This analysis 
identified a generally stable beach in the months 
leading up to the storm before rapidly narrowing by 
30 metres over the course of a few days. 
 

 
Figure 7   Comparison between camera derived 
shorelines and shorelines measured in situ using 
drone photogrammetry 
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Figure 8   Results of shoreline analysis of Wamberal Beach throughout 2021 including beach response to a large east 
coast low storm event in July 2020 which resulted in a loss of 30 m in beach width and caused significant property damage. 

3.2 Beach user detection accuracy 
The accuracy of the automated detections of beach 
users were validated against a test set of 2000 
manual annotations of people. This comparison 
demonstrated a detection accuracy of 80% or more 
which is more than adequate to gain insights into 
trends in beach usage (Figure 9). 
 
3.3 Beach usage statistics 
The machine learning algorithm identified over 
20,000 people visited Ocean Beach throughout 
2020 (Figure 10). Results indicate beach visitation 
was strongly impacted by season with the top three 
months of visitation occurring in January, April and 
October 2020 coinciding with the school holidays. 
Outside of these periods, beach visitation was 
considerably lower with the months of June, July 
and November having up to ten times less visitation 
compared to the busiest month in April 2021. 
Investigation into weekly trends visits to Turimetta 
Beach indicates that the weekend is by far the 
busiest period at this site with 50% of all visits 
occurring on these days. There was a clear 
preference for beach visitation to occur between 
midday and late afternoon.  The most popular time 
of day to visit was between 1 pm to 3 pm which 
represented 40% of all beach visits.  There was also 
a clear relationship between visitation and 
temperature. The hottest maximum temperature 
observed during the monitoring period (44.5 o C) 
occurred on the 4 January 2020 which also 
coincided with the busiest day of visitation (265 
visits). Conversely, lower temperatures associated 
with the winter months were also linked with much 
lower rates of beach visitation. The coldest day of 
the year occurred on the 7 August 2020, a peak 
temperature of 12 o C and only 2 beach visits. 
 
4. Discussion 
This study has demonstrated the value of using low-
cost smart cameras for the purposes of shoreline 
change mapping and quantifying beach usage 
patterns. Through the simple yet innovative system, 
a significant amount of information is able to be 
unlocked to assist with coastal management 

activities. The system provides powerful tools to 
monitor coastal lagoon entrances and has been 
used in the study area to promptly identify and 
document unauthorized opening of lagoon 
entrances by the community (Figure 4). The 
timelapse animations provided by the portal are 
capable of communicating complex issues around 
lagoon entrance management activities at 
community engagement events. By hosting live 
data from the smart camera system alongside 
environmental data is one centralised location, the 
dashboard provides unprecedented levels of 
actionable intelligence to support effective coastal 
management decisions. Insights into ‘the business 
of the beach’ are able to be provided through 
analysis of patterns of beach usage including daily 
and seasonal trends in beach visitation.  
 

 

 
Figure 9   Validation of automated machine learning 
detection of beach users comparison between manual 
counts vs model detections for a single image (top) and 
timeseries comparison for a 24 hour period (bottom) 
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Figure 10   Results of machine learning based beach visitation data over a 12 month period at Ocean Beach showing 
seasonal trends (top), trends in time of day (bottom left), day of the week (bottom centre), and month of year (bottom right). 

 
While there is room for further improvements in the 
accuracy of the beach user detection model used in 
the study, the method is likely to yield more reliable 
data compared to manual headcounts from 
lifeguards which can be subjective and inconsistent. 
Further improvements in this model should focus on 
efforts to identify how users are using a beach 
through detection of multiple classes such as 
sunbaking, dog walking, swimming or surfing. 
Combining this analysis with the remote camera 
systems outlined in this paper has huge potential to 
improve beach safety in unpatrolled locations by 
pairing this analysis with rip detection techniques. 
This study has demonstrated the value of using low-
cost smart cameras to quantify patterns in beach 
usage at unpatrolled beach locations. Through the 
simple yet innovative system, a significant amount 
of information is able to be unlocked to greatly assist 
with beach safety planning.  
 
5. Conclusions 
A smart camera system has been detailed in this 
paper and has been shown to provide a cost-
effective solution to unlock unprecedented 
information about shoreline change and beach 
visitation data. This information is becoming 
increasingly critical as we attempt to understand the 
value of beaches to our communities and develop 
sustainable future management strategies to 
protect our beaches for future generations. 
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Abstract 
The City of Gold Coast (City) delivered a major beach nourishment project from June to September 2017. Over 
3 million cubic metres of sand was delivered during the Gold Coast Beach Nourishment Project (GCBNP) to 
increase the volume of sand along vulnerable sections of Gold Coast beaches. This paper provides a summary 
of all project elements including sand placement design, dredge procurement, project delivery and ongoing 
monitoring. 
 
A 111 metre long split hopper dredge was procured through an international competitive tender process to 
deliver the works. Sand was dredged from offshore sand reserves and distributed nearshore using bottom 
dumping and rainbowing methods. The sand placement design used an innovative ‘design with nature’ 
approach defined by a unique grid system. This allowed for sand delivery flexibility with changing bathymetries, 
community use of the beach and temporary enhancement of surf amenity. Numerical modelling was 
undertaken prior to and during the works to ensure sand placement did not adversely impact on local 
conditions. All necessary federal and state approvals were obtained and pre, during and post-works 
environmental monitoring was undertaken to ensure compliance with approval conditions. 
 
The GCBNP was delivered along some of the most popular and high profile beaches in Australia. Project 
communications and education with local residents and visitors to the Gold Coast was undertaken and was 
essential for successful delivery on the project. Operational aspects of the project included a mobile beach 
safety crew and ongoing relocation of shark nets to allow the dredge to operate 24/7, only pausing works for 
bunkering, maintenance and high swell conditions.  
 
The City continues to monitor on going sand movements along Gold Coast beaches through its hydrographic 
survey program and the Gold Coast continues to benefit from the additional sand, having undergone a number 
of swell events post-works with minimal beach erosion. Analysis of Palm Beach has shown that over seventy-
five per cent of sand placed during the GCBNP is still in the active beach system.    
 
Keywords: nourishment, dredging, coastal protection, nearshore 
 
1. Introduction 
The Gold Coast is located in the south-east corner 
of Queensland and is famous for its long stretches 
of white sandy beaches (Figure 1). Since the 
1960’s, the Gold Coast has been subjected to a 
number of severe swell events such as the series of 
tropical cyclones and east coast lows in 1967 [5] 
and more recently in 2009 and 2013. The City of 
Gold Coast (City) has undertaken a number of large 
dredge campaigns, notably in the late 1980’s 
through the Southern Gold Coast Beach 
Nourishment Project [1] and late 1990s with the 
Northern Gold Coast Beach Protection Strategy [2]. 
In addition, sand bypassing systems manage sand 
delivery at the southern and northern ends of the 
Gold Coast [2]. Following the more recent erosion 
events and after much investigation, the City 
decided to undertake a major beach nourishment 
project to reduce the vulnerability of the City’s 
beaches.  
 

2. Gold Coast Beach Nourishment Project 
The City delivered a major beach nourishment 
project from June to September 2017. Over 3 million 
cubic metres of sand was delivered during the 
GCBNP to increase the volume of sand along 
vulnerable sections of Gold Coast beaches.  
 
The project objectives were to: 

• reduce the vulnerability of the beach and 
beachfront development to storm damage 

• protect, and if practical, enhance the beach 
amenity for the community 

• provide a sustainable, cost-effective solution, 
and 

• avoid or mitigate adverse environmental and 
social impacts. 

 
The GCBNP was a combination of two major 
projects the City was delivering, the Northern 
Beaches Shoreline Project (NBSP) and Palm Beach 
Shoreline Project (PBSP). The NBSP was a 
nourishment project established to nourish the 
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northern beaches of the Gold Coast from Miami to 
Main Beach (Figure 1).  
 
The PBSP was a two phase project incorporating 
nourishment and the construction of an artificial reef 
[3]. The nourishment component of the project was 
combined with the NBSP to take advantage of 
economies of scale associated with dredge 
mobilisation costs (Home port: Grenaa, Denmark). 
 

 

Figure 1   Gold Coast Beach Nourishment Project locality 

map and extent of works. The yellow boxes indicate 
approved nourishment locations for the works and the 
blue boxes are approved offshore dredge areas (the 
offshore dredge area at Main Beach, although approved, 
was not utilised during the campaign). 

 
2.1 Procurement 
The delivery of nourishment works required a 
suitably qualified external operator. An international 
‘Public Invitations to Offer’ was advertised for a six 
week period in 2016. The City received seven offers 

which were evaluated using a three gate evaluation 
process: 
Gate 1 – Mandatory certificates 
Gate 2 – Capability scoring  
Gate 3 – Value for money 
 
The City included a dredging subject matter expert 
on the evaluation panel, in addition to two City 
officers.  Following the gated evaluation process, 
the contract was awarded to Rohde Nielsen 
Dredging Pty Ltd (the Contractor), who utilised 
trailer suction hopper dredge, Balder R, from their 
fleet. Balder R (Figure 2) is a 111 metre long split 
hopper dredge with a hopper capacity of 6000m3, a 
loaded draft of 7m and an unloaded draft of 3.8m. 
Balder R was ideal as it could undertake bottom 
dumping and rainbowing to provide nourishment to 
shallower nearshore depths within the surf zone.  
Further information on the procurement process can 
be found in [8]. 
 

 

Figure 2   Balder R – Split Hopper Dredge rainbowing 
sand during the Gold Coast Beach Nourishment Project. 

 
2.2 Statutory Approvals 
The project used a combination of existing 
approvals held by the City and applied for other 
approvals as required to facilitate the works. 
 
2.2.1 Federal Permits 

• The Department of Environment assessed the 
works as ‘not a controlled action if undertaken 
in a particular manner’ under the Environment 
Protection and Biodiversity Conservation Act 
1999 (EPBC Act).  

• The City was not required to apply for the Sea 
Dumping permit as the works were considered 
‘placement for a purpose’ as nourishment was 
being undertaken for coastal protection 
purposes under the Environment Protection 
(Sea Dumping) Act 1981. 

 
2.2.2 State Permits/Approvals 

• Queensland Government Environmental 
Authority – A permit issued under the 
Environmental Protection Act 1994 which 
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allows for dredging of material of more than 
1,000,000 t. 

• Local government operational works for 
prescribed tidal works approval – an approval 
to undertake nourishment works under the 
Sustainable Planning Act 2009. 

• Construct Works on Tidal Lands or Waters – 
other than private use – a s86 permit issued for 
nourishment works at Palm Beach under the 
Queensland Government Harbours Act 1955. 

 
All approvals and permits obtained were supported 
by engineering drawings which including maximum 
nourishment profile cross-sections and plan views 
defined by coordinates for both dredge and 
nourishment areas. The approval drawings also 
included exclusion zones surrounding both the 
Mermaid Beach Reef and Palm Beach natural reef 
– these are highlighted in Figure 1.  
 
All approvals were subject to conditions including 
the submission of a Dredge Management Plan prior 
to works being undertaken; physical sand 
characteristics; water quality requirements and 
noise impact limitations. 
 
2.3 Environmental Monitoring  
Environmental monitoring requirements for the 
project included pre, during and post project 
monitoring. Pre-project monitoring was 
incorporated to provide a baseline and included 
sediment sampling, noise and water quality 
monitoring. During the works monitoring 
incorporated the same elements and results were 
compared to the pre-monitoring observations; all 
requirements of the approvals were met. The City 
was very interested in ensuring minimal noise 
impacts due to the close proximity of residential 
properties and visitor accommodation. From a 
qualitative perspective, the sound of the dredge 
rainbowing could not be noticeably heard over the 
background noise of the waves, even at night time. 
This was confirmed through quantitative noise 
monitoring during the works as the noise limits did 
not exceed approval conditions. Post-works 
monitoring included a final collection of sediment 
samples for comparison to pre-project samples.  
 
2.4 Placement Schedule  
The sand placement design used an innovative 
‘design with nature’ approach defined by a unique 
grid system. The nourishment was not delivered in 
a usual ‘Point A- Point B’ continuous progression 
and instead was delivered in various locations of the 
coast at various times. This allowed for flexible sand 
delivery to accommodate changing bathymetries, 
maintained community use of the beach and the 
temporary enhancement of surf amenity.  
 
Flexibility with the placement schedule was a key 
criterion to the successful delivery of the project in a 

high profile location. High usage of certain beaches 
e.g. weekend usage at Palm Beach and scheduled 
City events such as the national surf lifesaving 
competition ‘Coolangatta Gold’, were incorporated 
into the placement schedule to ensure minimal 
impact to Gold Coast beach users as possible. 
 
Detailed information on the placement schedule, 
grid and sand placement patterns can be found in 
[6] and [7].  
 
2.5 Beach Operations 
In order to successfully deliver a major beach 
nourishment project along some of the most popular 
and high profile beaches in Australia, the City 
developed an overarching ‘Beach Operations 
Procedure’. The purpose of this document was to 
deliver a safety service to beach users; it covered 
safety and communication procedures between City 
officers, the Superintendent and the operator. The 
development and operation of the procedure was a 
City initiative and was at no cost to the Contractor.  
 
While all vessels associated with the works had to 
comply with the overarching Maritime Safety Laws, 
the City-specific Head of Power for beach 
operations and safety is the Bathing Reserve – 
Local Law 10 [4]. This enables City Lifeguards to 
restrict activities such as swimming and surfing, 
when required. This was an important element in 
the development of the Beach Operations 
Procedure due to the nearshore location for 
rainbowing and the high number of recreational 
beach users undertaking activities such as 
swimming and surfing. It was planned that law 
enforcement officers, such as the Queensland 
Water Police, would only be necessary during 
extreme circumstances and that risk mitigation 
measures outlined in the procedure would 
effectively reduce this requirement. 
 
At the heart of the Beach Operations Procedure was 
a ‘beach crew’ which consisted of City Foreshores 
officers, responsible for the maintenance of Gold 
Coast beaches; and City Lifeguards, responsible for 
keeping Gold Coast beach users safe. The beach 
crew operated in daylight hours, usually 6am – 6pm 
and was made up of a minimum of two beach crew 
at any time; during busier times such as school 
holidays or weekends this was increased to three. 
The beach crew was responsible for keeping the 
water clear of recreational users when the dredge 
was in operation. A zone of 100 metres either side 
of the dredge was adopted as a clearance area 
while dredge works were in operation. The crew had 
access to a four-wheel drive, megaphone, safety 
signage, radios, log book and lifeguard equipment 
such as a Jet Ski and paddle boards 
 
Due to the unique placement schedule the dredge 
operated under, the Beach Crew had to be mobile 
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and move with the dredge operations as they 
changed locations at any time. This varied from 
moving to adjacent boxes (100 metres), to adjacent 
cells (500 metres), or different suburbs several 
kilometres away. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3   Beach Operations Procedure – Day time (top) 
and night time (bottom) safety layouts. 

 
The Beach Operations Procedure included a 
standard safety layout for the Beach Crew to 
deploy. This included safety signage arrangements 
at the location of the dredge operations (Figure 3). 
A forward schedule and exact timings for any 
location changes was communicated to the Beach 
Crew through the communication protocol defined 
in the procedure. This eliminated the potential for 
miscommunication, possible associated delays and 
any associated safety risks.  
 
During the evening and night time operations, a 
security guard was deployed to the beach to take 
over safety operations. They were only expected to 
patrol the beach and not expected to enter the 
water. The beach procedure defined a specific night 
time layout for safety signage e.g. warning signs 
placed at access points instead of closer to the 
shoreline (Figure 4). Security was particularly 
important in areas such as Surfers Paradise where 
night time activity is known to be high due to the 
proximity of the night club precinct.   
 

2.5.1 Shark Control Program 
The Queensland Government department 
responsible for the Shark Control Program (SCP) in 
Queensland is the Department of Agriculture and 
Fisheries (DAF). The DAF, worked with the City to 
relocate the shark nets and/or drumlines 
(equipment), as required, throughout the project. 
The SCP array of nets and drumlines along the Gold 
Coast were not reduced at any time and equipment 
was only ever moved on a temporary basis. As 
required, equipment was relocated to adjacent 
areas or to slightly deeper water to allow the dredge 
to operate; this was based on the upcoming 
placement schedule and allowed DAF to maintain 
their level of service to Gold Coast beach users.  
 
2.6 Stakeholder Communications 
A comprehensive communication and stakeholder 
engagement plan was delivered prior to and during 
the works. The aim of this plan was to communicate 
to residents and visitors the technical aspects of the 
GCBNP, the duration of the works and what they 
could expect to see e.g. Balder R rainbowing. As the 
GCBNP was entirely nearshore sand placement, it 
was important to explain to the community that 
although the sand was not being placed on the 
upper beach, the additional sand would be providing 
a buffer to coastal erosion and the sand placement 
was well informed through extensive research. Key 
messages such as ‘The additional sand will be 
deposited around the wave breaking zone but not 
directly on the beach. Over time, the sand will move 
with the coast’s natural process, adding extra sand 
to protect our beaches from erosion’, were 
incorporated into communications material.   
 
The City developed the following communication 
material prior to the arrival of the dredge:  

• Project video - 3.31 min including animations 
released prior to works being undertaken 

• Letters to residents (to homes and businesses 
adjacent to project area)  

• Factsheets 

• Handheld video cards containing the project 
video delivered to multiple local cafés and 
businesses 

• Stakeholder meetings with specific beach user 
groups including boardrider clubs and  surf life 
saving clubs  

• City website – continuously updated with the 
latest project information e.g. tender award and 
estimated dredge arrival date  

• Development of a project specific email 
address to manage enquiries 

• Magazine articles – Gold Coast magazines and 
smaller publications targeting specific suburbs 

• Paid advertisements on beach user specific 
websites e.g. coastalwatch 

• Internal stakeholders including City Lifeguards, 
City Foreshores officers and Customer Contact 
officers, provided with briefings on the project. 
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During the works the City continued to undertake 
communication activities including: 

• Media opportunity – dredge arrival day 

• City website – updated with latest sand delivery 
volumes and estimated forward dredge 
location schedules. 

• Social media posts e.g. Instagram/facebook 

• Efficient response to email enquiries, 
especially if there were any concerns from the 
community  

• Beach crew provided with factsheets to hand 
out and video cards to assist with answering 
any public questions on site. This was an 
extremely effective way to communicate to 
curious beach users who could see the dredge 
in action and have their questions answered on 
the spot.   

 
There was wide public interest in the project and the 
City considers the stakeholder communication plan 
to have been effective and contributed to the 
success of the project.  
 
3. Post Project Sand Benefits 
The additional 3 million cubic metres of sand 
delivered through the GCBNP has been effective in 
providing a buffer against major erosion. Since 
completion of the project in September 2017, the 
Gold Coast has experienced six severe swell 
weather events (significant wave height exceeding 
3.5m). Overall, no major erosion scarping was 
observed along any nourished beaches during 
these weather events. Specifically, Tropical 
Cyclone (TC) Oma that formed in February 2019 
and more recently a Low Pressure System (LPS) in 
December 2020, were two of the larger weather 
events with waves exceeding 4m (Figure 4). 
 
TC Oma formed on 12 February 2019, while it did 
not cross the Queensland Coast, it did get close 
enough (approx 700km) to the Gold Coast to have 
an impact.  The effects of this weather system 
produced 5 days of significant wave heights greater 
than 2m peaking at 4.5m and maintaining over 4m 
for a 24 hour period (recorded on the Queensland 
Government Gold Coast wave buoy). TC Oma also 
coincided with spring tides, producing storm tides 
levels on the Gold Coast of approximately 0.1m 
over highest astronomical tide.  
 
The LPS that formed on 13 December 2020 had a 
peak significant wave height of 5.51m, making this 
event one of the top seven to be recorded at the 
Gold Coast wave buoy since 1987. This LPS 
produced waves heights above 3m for a 48 hour 
period.  
 
Figure 4 shows the increase in significant wave 
height and direction during both events, and also 
the location of sand placement during the GCBNP. 

To show the benefits of the nourishment works a 
comparison has been drawn between two beaches 
along the same stretch of open coast along the Gold 
Coast; Miami (nourished as part of GCBNP) and 
Main Beach (further north of the nourishment grid). 
As can be seen in Figure 5, during both swell 
events, Main Beach experienced major erosion of 
the upper beach and sand that was migrating 
onshore moved further offshore to form a storm bar 
in the surf zone. During the GCBNP, sand was 
placed up to Surfers Paradise and not further north 
due to the natural northward longshore transport of 
sand up the coast. The expectation is that the 
nourishment will slowly make its way up to Main 
Beach over a longer time period. The limited 
infrastructure north of Main Beach also factored into 
this decision as there is a reduced consequence if 
erosion was to occur in this area.  
 

 

Figure 4  - Image shows locations of transect lines at 
Miami and Main Beach (used for comparison in Figure 5);  
Gold Coast Beach Nourishment Project Grid and total 
number of loads delivered during the project; significant 
wave height during TC Oma and LPS and primary swell 
direction (indicated by blue arrows). 
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In comparison to Main Beach, the GCBNP placed 
approximately 932,000m3 of sand at Miami. This 
placement of sand was designed to act as a ‘sand 
reserve’ and provide nourishment to the northern 
beaches for many years to come. During TC Oma, 
Miami experienced very minor erosion of the upper 
beach despite the large wave conditions impacting 
the shoreline over consecutive days. Even during 
the recent LPS which recorded wave heights over 
5.5m, there was more sand in the upper beach 
profile compared to pre nourishment profile. The 
profile plot in Figure 5 shows the formation of a large 
storm bar during each event, which would have 
acted to dissipate the wave energy impacting the 
upper beach. 

   

  

Figure 5   Comparison of beach profiles at Miami (top) 
and Main Beach (bottom).  

 
The different behaviours of the two Gold Coast 
beaches during TC Oma can also be seen in Figure 
6, where at Main Beach, the swell reached the 
dunes and created scarping of up to 3m, while there 
was no scarping present at Miami. This area was 
only impacted by wave run-up which would be 
expected during coincident spring tides and swells. 
 
3.1.1  Sand Volume Analysis  
Since the departure of the dredge on 29 September 
2017, the City has undertaken a monitoring program 
of the sand movement. This has included 
hydrographic surveys, aerial photography, LiDAR 
capture and ongoing tide gauge and wave data 
capture. All analysis undertaken to date has shown 
that the additional sand delivered through the 

GCBNP is, as anticipated, active within the Gold 
Coast beach system.   
 
This is evident at Palm Beach and shown in Figure 
7, where the calculated increase in the volume of 
sand between pre- nourishment to January 2021 is 
367,293m3. In 2017, the GCBNP placed 469,828m3 

of sand at Palm Beach and 40 months later there is 
still over seventy-five per cent of the sand in the 
active beach system. This confirms that the 
additional sand placed by the GCBNP has been 
effective in nourishing the beach. Along with the 
newly constructed Palm Bach Artificial Reef 
(PBAR), completed September 2019, has increased 
the sand buffer to erosion. 
 
Further, the hydrographic survey data to inform the 
isopach analysis (Figure 7) was captured 
approximately one month after the LPS swell event 
with significant wave heights of up to 5.5m. This 
isopach analysis shows a clearly defined storm bar 
which would have provided an effective nearshore 
buffer to dissipate incoming wave energy during the 
event. Additional isopach analysis to assess the 
recovery of the beach following the LPS has been 
undertaken (Figure 8). This analysis shows the 
sand delivered through the GCBNP, coupled with 
the PBAR, continue to benefit Palm Beach through 
the formation of a storm bars during swell events, 
which then migrate shoreward under calmer 
conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6   Comparison of beach erosion during TC Oma 

at Miami (top) and Main Beach – showing vertical scarp 
(bottom). 
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Figure 7   Isopach analysis showing seabed change 
between nourishment works until January 2021. In 
addition to the additional sand provided by the GCBNP, 
the City undertakes annual dredging of Currumbin Creek. 
In late 2019 and 2020 the volumes delivered to the 
southern end of Palm Beach were approximately 
37,900m3 and 31,500m3 respectively. 

 

 

Figure 8 Isopach analysis showing the seabed change 

from January 2021until July 2021 (8 months post the 
LPS).  

 
4. Summary  
The GCBNP delivered over 3 million cubic metres 
of sand to Palm Beach and the northern beaches of 
the Gold Coast from Miami to Surfers Paradise in 
2017. Successful implementation of the project 
included: 

• A thorough procurement process to select an 
appropriate contractor 

• Numerous statutory approvals, 

• Pre, during and post environmental monitoring,  

• Significant stakeholder engagement,  

• Beach Operations Procedure to ensure public 
safety during the works, and 

• Cooperation collaboration with other 
government agencies.  

 
As a result of the Beach Operations Procedure and 
collaboration with DAF, the dredge was able to 
operate 24/7, only pausing works for bunkering, 
maintenance and high swell conditions. This 
contributed to the project schedule remaining on 
track. 
 
Ongoing monitoring of the additional sand shows it 
is active within the beach system and continues to 
provide an effective buffer against erosion.  
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Abstract 
Prior to construction, coastal structures are often tested in wave flumes and basins using physical models to 
assess performance and stability. To ensure that such testing provides a reasonable representation of design 
conditions, it is crucial to generate realistic wave conditions that occur in the field. Wavemaker capabilities 
such as second-order wave generation (WG2) and active reflection compensation (ARC), however, may be 
costly, are not universally available at testing facilities, and can introduce additional complexity. Systematic 
studies specifically addressing the effect of these generation features on overtopping and damage of rubble 
mound breakwaters are lacking. In this work we used a 1:35 scale model of a rubble mound breakwater to 
assess the role of WG2 and ARC on overtopping and damage. Across the range of wave conditions tested it 
was found that overtopping volume and damage varied substantially when WG2 and/or ARC were used. 
Overtopping volume decreased when linear generation was used compared to WG2; whereas overtopping 
volume increased when ARC was turned off. Collectively, the results from the study emphasize the importance 
of careful paddle control to correctly simulate offshore wave conditions in physical model testing. Depending 
on the wave conditions and the experimental setup, using linear wave generation with and without active 
reflection compensation can result in substantial over- or underprediction of the performance and stability of 
coastal structures.  
 
1. Introduction 
Coastal structures such as breakwaters, revetments 
and seawalls are tested in wave flumes and basins 
to assess their performance and stability or to 
optimize their design. To ensure that the physical 
model testing is representative of natural ocean 
conditions, it is crucial to be able to generate 
realistic wave fields. A key requirement to prescribe 
realistic wave conditions is the ability to generate 
irregular waves and to use higher-order (particularly 
second-order) wave generation theories so that 
both the leading-order bound sub-harmonic waves 
(or infragravity waves [1]) and the bound super-
harmonic waves are generated without associated 
spurious freely-propagating error waves. In 
addition, as closed basins, wave flumes and basins 
can experience unnatural reflection of wave energy 
at boundaries. To account for this, passive 
absorption is often adopted at the down wave end 
of a flume and basin (e.g. using a porous beach), 
whilst wave generators may use active reflection 
compensation (ARC) to minimise reflection of 
offshore-propagating wave energy at the 
wavemaker. Although both WG2 and ARC can offer 
significant advantages, their use in practice can be 
somewhat limited because of the additional time, 
cost and complexity that they introduce into a 
physical experimental campaign. In particular, 
implementing these strategies can be expected to 

 
1 https://www.uwa.edu.au/facilities/coel 

require additional paddle stroke length compared to 
the linear case for the same wave conditions. 
Although some studies have addressed the 
importance of ARC and WG2 on numerical wave 
generation in models [e.g., 2], there is a lack of 
published experimental studies that specifically 
address the benefits of using higher-order wave 
generation (with and without ARC). In this study we 
used a 1:35 scale model of a rubble mound 
breakwater to assess the role of WG2 and ARC on 
wave overtopping and structure damage.  
 
2. Methods 
The experiments were conducted in a 54-m-long, 
1.6-m-high and 1.5-m-wide wave flume in the 
University of Western Australia’s Coastal and 
Offshore Engineering Laboratory1 (Figure 1). The 
flume is equipped with wave paddles at either end 
of the flume; a piston-type paddle (used in this 
study) to generate shallow water (coastal) waves 
using a long stroke (up to 2.0 m) and a flap-type 
wave paddle to generate deep water (offshore) 
waves. Both paddles are controlled by state-of-the-
art wave generation software developed by HR 
Wallingford, allowing generation of a range of 
regular and irregular wave conditions up to wave 
heights of 0.5 m, and are equipped with an ARC 
system. The ARC system adjusts the paddle 
position in real time, based on the free surface 

404



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The role of 2nd-order wave generation and active reflection compensation on overtopping and damage of rubble mound breakwaters  
Ellwood et al., 2021 
 
measurement from a wave gauge mounted on the 
wavemaker front. Assuming all outgoing 
components to be freely propagating, the system 
can effectively absorb the bulk of the reflected 
waves to prevent re-reflection and gradual build-up 
of excess energy. The WG2 capability is an 
implementation of [3]. 
 
The experimental setup included a 6-m-long 
bathymetric slope of 1:21, built from formply, at a 
distance of 21 m from the piston wave paddle. This 
was to represent a mildly sloping seabed (Figure 1). 
A 1:35 scale rubble mound breakwater was 

constructed on top of the slope with its outer toe 
located 4 m from the offshore edge of the slope. The 
structure had a total height of 0.38 m with a 
horizontal top section 0.14 m long and 1:1.5 slopes 
on both sides. It spanned the entire flume width (1.5 
m). The breakwater was constructed using two 
granite-type rocks for core (nominal median 
diameter Dn50 = 50 mm) and armour (Dn50 = 65 mm), 
respectively, and was placed at the 4 m glass side 
section of the wave flume for model inspection, 
photography and filming (Figure 1). The water depth 
was kept constant at h = 0.5 m such that the crest 
freeboard was 0.13 m. 

 
Figure 1   Overview of experimental setup with schematic diagram (top panel, vertical scale exaggerated), close-up 
photograph of rubble mound structure with overtopping tray (lower left panel), and overview photograph of rubble mound 
breakwater and instrumentation (lower right panel). 
 
A total of eight synchronized resistance-type wave 
gauges (Edinburgh Designs) were placed along the 
centre line of the wave flume; three offshore (at 
17.68, 18.04, and 18.57 m from the wave paddle 
resp.), three across the sloping bottom, one in a 0.8-
m-wide overtopping tray that was positioned at the 
rear of the breakwater and one on the onshore side 
of the breakwater (Figure 1). The overtopping wave 
gauge was used to provide instantaneous 
overtopping discharge as well the total overtopping 
volume for each experimental run. To assess the 
structural damage under specific wave conditions, 
photographs and video were used to quantify the 
instantaneous and total number of dislocated rocks. 
To identify loosely placed or unbalanced armour 
units, an initial settling run with significant wave 
height of 0.045 m and duration of 20 minutes was 
conducted prior to each individual experiment, with 
any loose units re-positioned. In the actual tests, the 

level of breakwater damage was defined using the 
NOD number (e.g. [4]): 

𝑁𝑁𝑂𝑂𝑂𝑂 =
𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵/𝐷𝐷𝑛𝑛50

 

where Ndispl is the total number of displaced rocks, 
and B is the width of the breakwater (1.5 m). 
 
To investigate the effect of WG2 and ARC on 
overtopping volume and damage, experimental 
runs with a range of wave heights and periods were 
initially conducted for a total duration of 29 minutes 
(representing 2.8 hours at prototype scale) with both 
WG2 and ARC turned on. Next, experimental runs 
were repeated with identical wave forcing 
timeseries based on a JONSWAP spectrum but with 
either one option or both turned off (Table 1). The 
individual and combined role of ARC as well as 
WG2 was assessed by computing the difference in 
total overtopping volumes and number of dislocated 
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rocks relative to the case with both processes 
accounted for.  
Table 1   Experimental wave conditions used in this study 
(in lab model scale, prototype values provided between 
brackets) indicated with an ‘X’ (Hs = significant wave 
height, Tp = wave peak period, ARC = active reflection 
compensation, WG2 = second-order wave generation). 

ID Hs (m) 
(prot.) 

Tp (s) 
(prot.) 

ARC 
and 
WG2 

ARC 
only  

WG2 
only 

No ARC  
No WG2 

1 0.09 
(3.15) 

1.78 
(10.5) 

X - - X 

2 0.09 
(3.15) 

2.41 
(14.3) 

X X X X 

3 0.10 
(3.5) 

1.78 
(10.5) 

X - - X 

4 0.11 
(3.85) 

1.78 
(10.5) 

X X X X 

5 0.10 
(3.5) 

2.16 
(12.8) 

X  X X X 

 
3. Results  
We first present the measured overtopping 
discharge and breakwater damage for the base 
runs (with ARC and WG2), followed by an 
assessment of the role of ARC  and WG2. All results 
are presented in model scale dimension. 
 
3.1 Overtopping and breakwater damage  
Apart from the case with lowest wave height and 
period where the overtopping was negligible (ID nr. 
1, Table 1), the average overtopping discharge over 
29 minutes varies between 0.4 and 1.5 x 10-5 m3/s/m 
and shows a clear relationship with both significant 
wave height as well as the wave peak period (Figure 
2), which is consistent with other studies (e.g., [5]). 
For the runs with peak wave period of 1.78 s, a 
nearly linear increase was found with increasing 
significant wave height. For identical significant 
wave height of 0.1 m, the overtopping volume nearly 
4 times larger for conditions with peak wave period 
of 2.16 s relative to 1.78 s. The overtopping 
discharge is consistent across the repeat runs 
(Figure 2). Similar results were found for the level of 
breakwater damage represented by the relative 
number of dislocated rocks (NOD) at the end of the 
experimental run (Figure 3). For Tp = 1.78 s, NOD 
increases substantially from 0.04-0.09 to 0.3-0.35 
for a significant wave height of 0.09 and 0.11 m, 
respectively. For Hs = 0.1 m, NOD varies from 0.09-
0.13 to 0.26-0.3 for a peak wave period of 1.78 and 
2.16 s, respectively. We note that there was some 
variation in NOD in the repeat runs. 
 
3.2 Importance of active reflection 

compensation and second order wave 
generation  

3.2.1 Active reflection compensation (ARC) 
When ARC is turned off, waves that are reflected 
from the structure and propagate offshore can be 
re-reflected by the wave paddle. To assess the 
effectiveness of ARC, incident and reflected 
(offshore directed) spectra were computed following 

[6]. Figure 4 reveals that not accounting for ARC 
leads to substantial resonance at the flume 

eigenfrequencies (𝑓𝑓𝑒𝑒𝑑𝑑𝑒𝑒𝑒𝑒𝑛𝑛 = 1
2𝜋𝜋
�𝑒𝑒𝜋𝜋𝑛𝑛

𝐿𝐿
𝑡𝑡𝑡𝑡𝑡𝑡ℎ �𝜋𝜋𝑛𝑛

𝐿𝐿
ℎ�, 

where L= 26 m is the distance between breakwater 
and wave paddle and n = 1, 2, 3…, and g is the  
gravitational acceleration), as well as considerable 
peaks at higher frequencies (Figure 4B,D).  

 
Figure 2   Average overtopping discharge per unit width 
(q) for each run with ARC and WG2 as function of 
significant wave height (horizontal axis) and wave peak 
period (markers). Note that each run was repeated. 

 
Figure 3   Relative number of dislocated rocks (NOD) for 
each run with ARC and WG2 as function of significant 
wave height (horizontal axis) and wave peak period 
(markers). Note that each run was repeated. 

Interestingly, computed reflection coefficients (KR, 
here defined as ratio between outgoing and 
incoming wave height) across all runs were found 
nearly identical for runs with or without ARC (Figure 
4E,F). This emphasizes the need for analysis 
beyond estimating bulk reflection coefficients only, 
since (unnatural) re-reflected wave energy (i.e., 
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wave energy reflected off the wave paddle) is 
counted as an ‘incoming’ rather than ‘reflected’ 
contribution to the wave field. The reflection 
coefficient was found to depend mostly on wave 
peak period, consistent with other studies (e.g., [7]); 

for the runs with Tp = 1.78 s the mean KR (averaged 
over a frequency range 0.7fp to 2fp) was 0.25 (with 
standard deviation of 0.019) and for cases with Tp = 
2.41 s the mean reflection coefficient 0.33 (with 
standard deviation of 0.025).  

 
 
Figure 4 Raw and (Welch) smoothed (A,B) incident and (C, D) outgoing wave spectra and (E, F) reflection coefficients 
computed using [6] for Test Case 2 (Hs = 0.09 m, Tp = 2.41 s) with (left column) and without ARC (right column). Note that 
WG2 was used.  
 
The lack of ARC leads to substantial changes in the 
observed overtopping for cases with longer wave 
period, i.e. up to 200% difference (Figure 5, top 
panel). For the cases with shorter wave period the 
effect is considerably smaller, up to about 30% 
difference. For these cases with longer wave 
lengths, the waves are expected to be less reflective 
on the breakwater slope (e.g., [7]) and thus less 
incident wave energy will be reflected off the 
structure resulting in reduced potential for re-
reflection of wave energy off the wave paddle. 
Similar results are obtained for the structure 
damage (Figure 5, bottom panel) where the number 
of dislocated rocks was found to be 50% higher (6 
vs. 4 dislocated rocks) for Tp = 2.41 s. Interestingly, 
about 25% lower damage levels were found for the 
shorter wave periods, although more repeated 
experiments are required to confirm this due to the 
relatively small difference between runs (2 rocks). 
 

Overall, it is clear that turning ARC on or off can 
have a substantial effect on the occurrence of wave 
flume resonance which can reduce the reliability of 
estimates of both overtopping and structure 
damage, in particular for relatively long wave 
periods.  
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Figure 5 The relative effect of ARC on overtopping 
discharge (top panel) and relative number of dislocated 
rocks (bottom panel) based on Test Case 2, 4 and 5 
(Table 1). Note that WG2 was used. 

3.2.2 Second-order wave generation 
When second-order compensation is turned off, 
only the primary irregular wave signal is prescribed 
at the offshore boundary, leading to the formation of 
freely-propagating error waves at the frequencies of 
both the bound sub-harmonic difference-frequency 
waves and the bound super-harmonic sum-
frequency waves.  
 
Similar to the effect of ARC, the effect of WG2 varies 
with wave period (Figure 6). The observed 
overtopping volumes are found to be 15 to 30% 
lower, while the number of dislocated rocks also 
decrease up to 75%. Hence, contrary to ARC, 
turning off WG2 leads to underestimation of both 
overtopping and structural damage. We note that 
this contrasts the findings of [2] where linear wave 
generation was found to result in erroneously 
exaggerated wave runup and overtopping volume at 
an impermeable sea wall structure. Further analysis 
is needed to understand the different effect of the 
sub-harmonic error waves in these two studies.     

 
Figure 6   The relative effect of using linear relative to 
WG2 on overtopping discharge (top panel) and relative 
number of dislocated rocks (bottom panel) based on Test 
Case 2, 4 and 5 (Table 1). Note that ARC was used. 

 
Figure 7   The relative effect of using linear wave 
generation and no active reflection compensation on 
overtopping discharge (top panel) and the relative 
number of dislocated rocks (bottom panel). 
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3.2.3 Combined effect of active reflection 

compensation and second-order wave 
generation 

Although ARC and WG2 had opposing effects in the 
present experiments (i.e., not accounting for ARC 
generally leads to more overtopping, while not 
accounting for WG2 results in less overtopping), not 
accounting for both may lead to even larger 
discrepancies (Figure 7). For example, overtopping 
volumes may be overpredicted by 750%, which in 
this particular case is nearly a factor of 10 in total 
volume. This relatively large difference is due to the 
fact that, in this particular case, not accounting for 
ARC and WG2 results in much more frequent 
overtopping events, while when these wave 
generation features are included the wave runup is 
generally below the crest of the breakwater. For the 
structure damage, the number of dislocated rocks 
are generally underpredicted up to about 40%. The 
instantaneous offshore water level and overtopping 
volume provide a more detailed understanding on 
which specific wave events caused overtopping. As 
an example, for Test 2 (Table 1) it is evident that the 
overtopping is not a continuous process but rather 
driven by specific episodic high individual waves 

(Figure 8). Overall, the effect of using linear rather 
than WG2 leads to overtopping events at the same 
time within the irregular wave timeseries, yet with 
lower overtopping volumes. In contrast, not 
accounting for ARC leads to not only overtopping 
events with larger volumes but also a larger number 
of events. To illustrate this, a clear relation can be 
found between relatively high waves and 
overtopping events; for example, the individual 
wave at T = 1097 s (Figure 8B) primarily drove the 
overtopping event around T = 1100 s (Figure 8D). 
This event only occurred for the cases without 
active reflection compensation where the peak of 
the wave was around 0.1 m; the peak was only 0.06 
m for the cases with ARC. Similarly, the overtopping 
event around T = 1110 s (Figure 8D), is likely a 
result of the three relatively high waves that occur 
between T = 1102 and 1108 s. Although 
overtopping was observed for all experimental runs, 
the discharge was clearly smaller for the cases with 
ARC which can be related to the lower wave crests 
(Figure 8B). Further analysis will be conducted to 
provide a better understanding of the occurrence 
and magnitude of overtopping and how that 
changes with or without ARC or WG2. 

 
 
Figure 8   Instantaneous (A,B) offshore water level (ηoffshore at x = 17.68 m from wave paddle) and (C, D) overtopping 
volume (Q) for case 2 (Table 1) with variations of wave generation (line colour). Individual overtopping events highlighted 
in panel A and C are plotted in panel B and D respectively. For visual clarity, a running average of 1 s was applied to the 
overtopping volume time series. 
 

409



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The role of 2nd-order wave generation and active reflection compensation on overtopping and damage of rubble mound breakwaters  
Ellwood et al., 2021 
 
4. Conclusions 
In this study we presented observations of 
overtopping and damage for a physical model of a 
rubble mound breakwater, and how they differ when 
turning off active reflection compensation or use 
linear rather than second-order wave generation. 
Overall, for this particular set of experiments, not 
accounting for ARC leads to substantial resonance 
of standing wave modes between the breakwater 
and the wave paddle, resulting in larger overtopping 
and structure damage, and thus an underprediction 
of the structure performance. Although the effect is 
smaller, using linear rather than second-order wave 
generation leads to lower overtopping and damage. 
In summary, the results from the study emphasize 
the importance of accurate paddle control to 
simulate representative offshore wave conditions.  
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Abstract 
Many effects of climate change develop gradually over prolonged periods of time. Sea level rise (SLR) is one 
of the most significant effects of climate change that poses a major threat to New Zealand coastal 
infrastructure. As a result of SLR, the frequency of nuisance-flood events and wave overtopping of coastal 
defences is projected to increase and impact the road transport near coastal areas. Consequently, a one-size-
fits-all design and planning solution is no longer effective, and engineers and planners increasingly look for 
more adaptive approaches. Developing cost-effective techniques and methods to facilitate a proactive 
decision-making approach can lead to improved road transport resilience and reducing down time. This study 
presents the application of a generative optioneering approach to support decision-making in coastal resilience 
projects. 
 
An intelligent, automated modelling method was developed using Dynamo, a visual programming environment 
that allows users to create mathematical and parametrical logic routines. The method was validated against 
different roading projects with known coastal flooding issues. The geospatial and sea level data were 
structured as adaptive digital variables in order to automate the design process. The developed method 
resulted in a reduction of iterative design processes, a more efficient and tangible analysis and significantly 
improved the collaboration between different disciplines due to providing analysed and processed 
environmental, planning and cost data in real time. This decision-making approach offers a productive 
coordination across all project stakeholders including client, end-user, design team and contractor with specific 
focus on cost, time, environmental impact and constructability. 
 
Keywords: sea level rise, generative design, resilience, automated modelling. 
 
1. Introduction 
Resilience is the ability to cope with adverse 
changes and physical risks, and to adapt and learn 
to live with changes and uncertainties. Designing for 
resilience require a fully developed understanding 
of abstract notions and application of a variety of 
solutions, leading to a process characterized by 
numerous modifications. This study presents the 
application of a generative optioneering approach to 
support decision-making in coastal road resilience 
projects. 
 
1.1 Motivation 
Many effects of climate change develop gradually 
over prolonged periods of time. For example, New 
Zealand (NZ) mean sea level has increased at a 
rate of ranging from 1.33 mm/year in New Plymouth 
to 2.30 mm/year in Wellington since 1961 [1]. Under 
intermediate and high scenarios of greenhouse gas 
emissions, the NZ’s Ministry for Environment 
guidance [3] recommends that by the year 2100 the 
mean sea level is likely to increase by 0.55m to 
0.79m compared to the period 1986-2005. 
 
As sea levels rise, infrastructure, and coastal roads 
in particular, in low-lying coastal areas will be more 
vulnerable to increased frequency of nuisance-flood 
events and wave overtopping of coastal defences. 
This would impact the road transport near coastal 
areas significantly. As flood risks continue to rise 

unpredictably, a one size fits all design and planning 
solution is no longer suitable. This has created a 
demand for more adaptive approaches amongst 
planners, designers and engineers. 
 
Considering the role of road networks in addressing 
fragility and building resilience, we would like to 
facilitate and help our clients to get a more visual 
and cost-effective tool for optioneering assessment. 
Currently our practice is based on traditional design 
process which is illustrated in Figure 1.  
 
The first stage of the design process involves some 
form of information gathering and visualisation. 
Designers will attempt to develop a deep 
understanding of the problems they are trying to 
solve and to communicate this with the client. In the 
second stage, the client and designers, possibly 
joined by some of the project stakeholders, agree 
on the minimum requirements and investigate the 
options. The third stage is further development of 
the preferred option. In the traditional design 
process, the second stage (highlighted with dashed 
blue line in Figure 1) often involves an iterative 
process in which the designer moves back and forth 
between client requirements and investigation of 
options until the client expectations are met. This is 
particularly the case with the evolving science and 
understanding of climate change and resilience.  
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This study focuses on utilising a generative design 
approach to improve the process involved in stage 
two of the design. The approach aims to provide a 
more time-efficient and less costly process. 
 

 
Figure 1   Option assessment process 
 
1.2 Generative Design Approach 
Current design processes are based on specifying 
requirements, developing options, assessing 
results and selecting a preferred solution. 
Generative design comprises a wide area of 
methods which use automation to enable clients, 
designers and engineers make better and faster 
decisions. Figure 2 shows the typical generative 
design process. 
 
A generative design approach can explore a range 
of possible solutions, categorise them based on 
design parameters and automatically generate 
results and design alternatives when required. The 
use of parameters is the driving factor and allows 
users to easily update and improve models by 
relying on dynamic, interrelated equations rather 
than static numbers. This helps to manage complex 
systems, optimise specific criteria, and combine 

human creativity with computational power. This is 
especially useful early in the options assessment 
process with problems that are complex or not yet 
well defined. It also helps demonstrate 
compromises in order to initiate and direct 
discussion between stakeholders on a project.  
 

 
Figure 2   Generative design process 
 
Generative design is already used in industries such 
as aerospace, car manufacturing and buildings. 
However, this is a new design method for the 
transport infrastructure industry, especially for 
coastal infrastructure.  
 
A simultaneous and synchronised design process is 
one of the main advantages of generative design 
[5]. This method supports identification, evaluation, 
and optimisation of a large number of different 
design options. The logic and algorithm developed 
for a generative design approach can review and 
compare a variety of options and provide most 
effective results. Clients and engineering teams can 
change design parameters when required and 
receive immediate results with respect to new 
design parameters and objectives.  
 
Autodesk was one of the early pioneers of 
generative design with AutoLISP, which allowed the 
users to write simple functions and have design 
parameters interact with each other. More recently, 
a module by Autodesk called Dynamo has been 
developed for Revit [4]. This is an open-source 
module which gives users the ability to perform 
complex calculations, optimisations and 
visualisations of their designs, all using visual based 
programming. Dynamo was used in this study. 
 
Options assessment process and timeframe can be 
significantly reduced through implementing 
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generative design in coastal resilience projects. 
Engineering teams can implement parametric logic 
to efficiently review, study and finalise options. 
Critical design related information such as material 
quantities, carbon footprint and cost can be updated 
simultaneously using the parameter and algorithm-
based approach.  
 
1.3 Genetic Algorithms 
Genetic algorithms are a problem-solving search 
and optimisation technique and use a Darwinian 
approach to find optimal solutions through 
mutations of user driven parameters [4]. Genetic 
algorithms help designers to automate tedious 
tasks, as well as efficiently create, explore, and 
document more design options that result in 
solutions with higher quality, sustainability, and 
creativity. 
 
Although the theory behind genetic algorithms has 
been around for a long time, they have only recently 
become more common in industry and have lately 
provided some fascinating design solutions to 
complex problems. Engineers who want to use 
genetic algorithms no longer need to have a 
profound understanding of the mathematics behind 
optimisation in order to find interesting and valuable 
results. Dynamo enables users to implement 
genetic algorithms in their design without coding or 
programming (more details are provided in Section 
2.3). 
 
1.4 Dynamo 
Dynamo is a visual programming tool that enables 
design engineers to create parametrical and 
mathematical logics and algorithms [2]. Each logic 
creates in Dynamo environment via connecting 
different Nodes. Nodes in visual programming 
platforms create, modify, operate, arrange, 
calculate or process diverse range of digital 
information. Wires in Dynamo connect different 
Nodes to support creation of an overall process 
(refer to Figure 3). 

 
Figure 3   Dynamo information flow and graphical 
representation 

2. Methodology  
The methodology for a coastal road flooding study 
is developed based on the following three main 
theoretical phases. Figure 2 presents specific tasks 
that cover these three phases. 
 
• Goals and Constraints;  
• Parameters and Evaluation Metrics; and 
• Optimisation Using Dynamo; 
 
2.1 Goals and Constraints 
Like any design problem, attempting to come up 
with a set of solutions for the problem of coastal 
flooding was by no means a linear process. In many 
ways, defining design goals helped us identify 
important leading questions that would frame the 
scope of the project. By defining our design goals, 
we provided a structure, a bounding box of sorts, for 
the design process. 
 
The design process was dictated along a key design 
goal which aligns well with the general agenda of 
coastal management, i.e. reducing coastal flooding 
risk. 
 
2.2 Parameters and Evaluation Metrics 
This phase is where most of the design happen due 
to the complicated dependencies that exists 
between design parameters, evaluation metrics and 
the overarching goals. A simple concept of this 
dependency is illustrated in Figure 4. 
 

 
Figure 4   A simplified concept of parameters and 
evaluation metrics phase 
 
Following definition of the design goal, the 
generative design process requires a way of 
conceptualising a subject into quantifiable 
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parameters, i.e. thickness of the pavement overlay, 
height of the vertical concrete wall, height of the 
concrete barrier which are all quantifiable 
characteristics of a road/structure.  
 
Once the basic parameters have been established 
more level of details can be added to each of these 
parameters, e.g. thickness of vertical concrete wall. 
These parameters are then weighted for the 
evaluation step, where parameters are observed on 
whether they have significant influence when 
perceived against the evaluation metrics, and if they 
are effective in reducing coastal flooding risk. From 
this study, it was realised that most of the design 
effort focused on designing the evaluation metrics 
and identifying design parameters and the range of 
values for these. Design effort was also focussed on 
establishing the logical dependencies between 
each parameter, and that each decision was made 
to achieve the project goal. The authors would like 
to emphasise that this is still a work-in-progress and 
future improvement is underway. 
 
2.3 Optimisation Using Dynamo 
The final phase of the generative design process is 
perhaps the most vital and exciting part about this 
data-driven methodology. Using the parameters 
and the design evaluation metrics, Autodesk's 
Dynamo application iterates through the defined 
parameters in an attempt to uncover design 
variations that fit the purpose the best, using a 
genetic algorithm under the hood. Also, valuable 
outputs, e.g. concrete volume, carbon footprint and 
cost, from the implemented design system will be 
generated. 
 
In this study a parametrical algorithm was 
programmed using Dynamo that will support 
decision-making through providing analysed and 
processed environmental, planning and cost data in 
real time. Procedure and results are explained using 
a case study approach presented in Section 3 
below. 
 
3. Case Study  
The generative design approach to study coastal 
road flooding issue and to investigate options to 
reduce the flooding risk was developed based on a 
case study approach. The case study is a coastal 
road that experiences coastal storm tide inundation 
approximately once every 10 years. Water levels 
reach the edge of the road annually. This inundation 
causes not only traffic delays and congestion, but 
also debris deposition on the traffic lanes. 
 
The generative design approach was used to 
develop different options, i.e. thickness of pavement 
overlay, height of vertical concrete wall, height of 
concrete F-type barrier, to increase the road 
resilience to coastal inundation including SLR 
effects. Below is a summary of the process with the 

vertical concrete wall as the example option. Other 
options have not been presented in this paper due 
to the limitation in the number of pages. 
 
The following sections provide the generative 
designed based options assessment procedure 
according to the tasks given in Figure 2. 
 
3.1 Goals and Constraints 
The goal is to increase road level or add a structure 
to reduce the frequency of coastal inundation. 
 
The site is located adjacent to the Coastal Marine 
Area. Hence, construction of a seawall for providing 
resilience to carriageway inundation would have 
potential impacts on endangered vegetation and 
dotterel birds.  
 
3.2 Generate 
The topographical information for the site were 
sourced from Light Detection and Ranging (LiDAR) 
data available in the Land Information New Zealand 
database.  
 
First step of the process is to generate a surface 
from topographical data. This process is completely 
automated via a developed script in Dynamo. The 
LiDAR data was converted to data points, and 
subsequently to a surface. Accuracy of the surface 
depends on the number of points extracted from 
LiDAR data. Each point contains x, y and z values 
representative of the coordinates of a point (x, y) 
and elevation of that point (z).  
 

 
Figure 5   Developed Dynamo script to generate points  
 
A line was fitted along the seaward edge of the 
portion of road with known coastal flooding issue. 
The fitted line was converted to points which are 
automatically generated in Dynamo, as highlighted 
in blue in Figure 6. This enables identifying arears 
that need to be investigated and evaluated for 
coastal resilience options.  
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Figure 6   Extracted points in design environment  
 
3.3 Evaluate 
Second step of the process is to evaluate the water 
level causing coastal flooding and to determine the 
SLR effects. Dynamo was used to automate the 
process and to provide visual information to 
investigate the areas subject to coastal flooding 
(refer to Figure 7). In this study, it was found that 
water level of 2.15m above local mean sea level 
overtops the seaward edge of the road and creates 
flooding in the area shown in Figure 7.  
 

 
Figure 7   Plan view of the flooded area at water level 
2.15m above local mean sea level 
 
3.4 Evolve 
Final step of the process is test and iteration of 
different design options. The parametric algorithm 
developed for this study processed different 
scenarios and provided instant results. The Dynamo 
algorithm created in this study was to process 
information based on two type of design inputs (i.e. 
variable and fix parameters) and provided two type 
of results. However, this algorithm can be applied to 
similar issues at different locations with different 
road geometries. 
 
Variable and fix parameters used as design inputs 
are defined as follows: 
 

• Water level and thickness of vertical concrete 
wall are variable parameters which need to be 
designed by engineers.  

• Cost per unit and carbon footprint are fix 
parameters which are information extracted 
from similar projects, industry standards and 
research studies.  

 
Primary and secondary results are two outputs of 
the process.  
 
• Volume of concrete is primary result as it is a 

direct output of variable inputs.  
• Secondary results are parameters that 

calculated based on fix inputs and primary 
results. Total cost and total carbon footprint 
categorised as secondary results.   

 
Figure 8 is a snapshot of developed dynamo 
algorithm for Scenario 2 design inputs and results.  
 

  
Figure 8   Inputs and results 
Design inputs for different scenarios were updated 
in Dynamo and the algorithm provided primary and 
secondary results instantly. The average 
processing time was 2.2 seconds per scenario. 
Different inputs and results of the three scenarios 
are provided in Table 1 as an example.   
 
3.5 Select Design 
 
The algorithm developed in this study was utilised 
to process a wide range of inputs to capture different 
scenarios. The ability to analysis information quickly 
and provide instant results helped design team to 
support the client more productively. Through 
utilising the developed process, changes and 
updates to the project variable and fix inputs 
controlled exponentially more efficient. The client 
had the opportunity to rapidly test new scenarios 
and create design alternatives. The process 
supported all stakeholders with immediate results 
without expending time and effort on manual design 
exercises.  
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Table 1   Different investigation scenarios and results 

 
 
4. Summary  
A generative design approach was developed using 
Dynamo, a visual programming environment that 
allows users to create mathematical and 
parametrical logic routines. The method was 
validated against a case study project in Auckland 
with known coastal flooding issue. The geospatial 
and sea level data were structured as adaptive 
digital variables in order to automate the design 
process. Primary and secondary parameters such 
as volume of concrete, total cost and total carbon 
footprint are calculated. The developed method 
resulted in a reduction of iterative design processes, 
a more efficient and tangible analysis and 
significantly improved the collaboration between 
different disciplines due to providing analysed and 
processed environmental, planning and cost data in 
real time. The process supported all stakeholders 
with immediate results without expending time and 
effort on manual design exercises. 
 
5. Future Work 
The approach will be further advanced for detail 
design purpose, i.e. link to plan layout, typical 
sections, etc. 
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Abstract 
A magnitude 7.8 earthquake struck the Kaikōura coastline in November 2016 causing widespread uplift and 
landslides closing State Highway 1 and Main North Rail Line. Ōhau Point was the location one of the largest 
and most challenging landslides, with more than 160,000 cubic meters of rock falling from the surrounding 
cliffs and inundating the road and rail corridors. Recovery works by the North Canterbury Transport 
Infrastructure Recovery (NCTIR) Alliance reinstated the roadway further seaward and at a lower level than 
previous due to residual landslide and rockfall risk. A unique combination of steep offshore bathymetry and 
rock outcrops resulted in focusing of wave energy and overtopping to occur at a higher frequency and 
magnitude than was initially expected. This overtopping presented a potential hazard to road users and to the 
road infrastructure itself during extreme events. This paper presents the results of extensive physical modelling 
undertaken at the Water Research Laboratory at UNSW Sydney to investigate the overtopping processes and 
to assist NCTIR in evaluating options for mitigating hazard at the site. The section of road and seawall at the 
site is fronted by a nearshore zone with highly complex bathymetric features, and as such, a quasi-three-
dimensional model was required to simulate the complex 3D effects of the nearshore wave field and 
overtopping process. 
 
Keywords: physical modelling, overtopping, wave loading, coastal structures. 
 
1. Introduction 
Just after midnight on 14 November 2016, a 
magnitude 7.8 earthquake struck the Kaikōura 
region in the South Island, New Zealand, causing 
widespread damage, and closing both State 
Highway 1 (SH1) and the Main North Line railway 
between Picton and Christchurch, isolating the 
surrounding coastal and rural communities. 
 

 

 
Ōhau Point was the location one of the largest and 
most challenging landslides, with more than 
160,000 cubic meters of rock falling from the 
surrounding cliffs and inundating the road and rail 
corridors (Figure 1). The extend of the landslide 
resulted the new road alignment being shifted 
seaward and lower than the previous location. The 
road is supported by a near vertical seawall, 

constructed on a mass concrete foundation. The 
seawall height is limited by seismic considerations 
and as such is lower than the previous road, 
reaching a maximum of 10 m above mean sea level. 
Several wave overtopping events were observed 
during and following construction and the re-opened 
road was observed to be affected by overtopping 
during moderate and larger storm events as shown 
in Figure 2 [1]. The overtopping was deemed to 
present a hazard to road users and potentially 
damaging to the road infrastructure itself. 
 

 

 
This paper presents the results of extensive 
physical modelling undertaken at the Water 
Research Laboratory at UNSW Sydney to evaluate 
the coastal and overtopping processes to evaluate 
options for mitigating hazard at the site, including 
modification to the toe of the concrete seawall, the 
installation of a crown wall and the placement of 
concrete armour units in front of the seawall. 
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Figure 3   Overview of Ōhau Point post-rehabilitation works [Source: NCTIR]

2.1 Introduction 
The section of road and seawall at the site is fronted 
by a nearshore zone with highly complex 
bathymetric features (Figure 2). The wave field on 
approach to the seawall is highly modified by the 
localised features in this nearshore zone, and as 
such, a quasi-three-dimensional model (Q3D) was 
required to properly simulate the 3D effects of the 
nearshore wave field and overtopping. 
 
The Q3D physical model testing was undertaken in 
the 3 m flume at WRL. This flume measures 
approximately 40 m in length, 3.0 m in width and 1.3 
m in depth. Several factors were considered in 
selecting a scale for the physical model, with the 
main factors in this case being to:  
 
• Ensure that the key bathymetric features 

influencing the observed wave and overtopping 
processes could be captured within the flume; 

• Ensure that the model was sufficiently large for 
accurate representation of overtopping 
processes and resulting overtopping volumes of 
water over the crest of the seawall; 

• Ensure that the model was sufficiently large to 
reproduce armour stability processes without 
the influence of scale effects; and 

• Ensure that the model was sufficiently large to 
allow measurement of the wave loads impacting 
the modelled crown wall. 

 
2.2 Scaling 
Model scaling was based on geometric similarity 
between the prototype (real world) and the model. 
An undistorted length scale of 1:40 was selected 
after consideration of the model design constraints. 
 
An analysis of scale effects and scaling limitations 
was undertaken, which showed that for all proposed 
test wave conditions, scale effects were minimised 
and within acceptable values, ensuring that 
accuracy of the model results was not impacted by 
scale effects [1]. 
 
2.3 Bathymetry 
The complex nearshore bathymetry seaward of 
Ōhau Point was analysed for the model design, 
using a combination of two bathymetry data sets 
(Figure 4): 
 
• High resolution (0.5 m) digital elevation model 

(DEM) derived from photogrammetry, drone-
dipping and multi-beam bathymetry [1] covering 
the area immediately surrounding the 
rehabilitated Ōhau Point coastal works; 

• Medium resolution (20 m) DEM covering the 
wider area. 
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Figure 4   Bathymetry data sources and flume layout 
 

Figure 5). 
 

 
Figure 5   Bathymetry layout 
 

 
The intermediate nearshore area was modelled with 
medium resolution using an array of laser cut 
transects.  Based on the review of the bathymetry 
data, a 12 m transect spacing was adopted to 
facilitate efficient construction while maintaining 
model accuracy (Figure 6).  The elevation profiles 
along each of the laser cut transects were derived 
from the high-resolution DEM (0.5 m resolution) and 
used to shape the surrounding mortar capping to 
reflect the intermediate depth bathymetry and allow 
the introduction of 3D features such as deeper 
channels and other submerged seabed features. 
 

 
Figure 6    Laser cut transect arrangement for the two 
nearshore areas 
 

Figure 6. 
 
The tight spacing between the transects combined 
with the high resolution (0.5 m) of the elevation 
information along the transects ensured a very 
precise representation of this complex bathymetry 
and enabled accurate simulation of the localised 
wave processes generating the overtopping of the 
existing coastal protection works at the site.  
 
Specific attention was given to emergent elements 
such as larger rocks located immediately off the 
seawall toe as well as the existing concrete slabs, 
by using detailed elevation information from recently 
captured LiDAR and onsite photography.  
 

 
Figure 7    Overview of completed nearshore model 
bathymetry zones and seawall 
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2.4 Existing Seawall 
The existing seawall face underlying the road is 
comprised of stepped concrete block layers 
(including a recurved capping block), with an 
indicative road/crest level of +9.7 m above New 
Zealand Vertical Datum (approx. mean sea level).  
The plan view curvature of the wall was derived from 
the DEM and used to align the overall 120 m of 
modelled section into the nearshore bathymetry. 

 

 
(a) Identification of the individual concrete block layers of 
the existing seawall 

 

 

Figure 8    Overview of completed nearshore model 
bathymetry zones and seawall 
 
Critical elements such as the step offset between 
each layer and the top recurve were include to 
ensure accurate modelling of overtopping 
processes when waves impact the seawall.  
 
The model of the seawall was assembled within the 
flume and integrated within the nearshore 
bathymetry area prior to the final pour and shaping 
of the bathymetry capping, allowing for a seamless 

bathymetry surface extending right up to the seawall 
face.  The modelled concrete slabs at the toe of the 
seawall were secured in place over the bathymetry 
with localised infill based on review of the provided 
hi-resolution aerial photography and DEM. 
 
3. Data Collection and Instrumentation 
3.1 Waves 
Waves were measured using capacitance-type 
wave probes, sampled at 7.9 Hz (prototype scale) 
and then processed using the least square method 
described by Mansard and Funke (1980) to 
separate and interpret incident and reflected waves.   
 
A total of eight (8) wave probes were installed in the 
flume throughout testing.  Two nearshore wave 
probes were positioned in front of the seawall and 
two sets of 3 probe array (3PA) were installed 
further offshore, approximately 200 m and 700 m 
from the toe of the existing seawall and used for 
wave climate calibration and reflection analysis [2]. 
 
3.2 Overtopping 
Average wave overtopping rates were measured 
using a volumetric catch tray installed leeward of the 
seawall/road, so that the total volume of overtopping 
water was captured and then averaged over the test 
duration.  
 

 
Figure 9    Model overtopping setup 
 

 
3.3 Wave Loads 
The horizontal wave loads on the crown wall were 
measured using load cells.  Two load cells were 
mounted on a rigid frame at the rear of a 5 m long 
section (prototype scale) of the crown wall.  Forces 
were measured using Futek LSB210 submersible 
load cells due to ongoing overtopping of the 
structure (Figure 10). 
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Figure 10    Crown wall section with load cells 
 

The test program predominantly focused on four 
different test conditions as summarised in Table 1. 
 
Table 1   Modelled Wave Conditions 

ID Description Hs 
(m) 

Tp 
(s) 

WL1 
(m) 

F1 100 year ARI design 
storm present day 6.4 13 1.23 

F2 100 year ARI design 
storm + 0.5 m SLR 6.4 13 1.73 

F3 20 year ARI design 
storm + 0.3 m SLR 5.4 13 1.47 

F4 15 August 2019 storm 
(control) 2.7 15 0.63 

1.WL expressed in mNZVD2016 
 
Additional sensitivity tests were conducted to 
assess the overtopping sensitivity to various 
parameters (e.g. water levels, wave period and 
wave height).   
 
5. Test Program 
The physical modelling considered a range of 
configurations including the existing format of the 
site and three remediation options to mitigate the 
overtopping hazard.  The first upgrade option was 
to remove part of the mass concrete slabs located 
at the toe of the existing concrete seawall. 
 
The second upgrade option considered the 
installation of a crown wall along the crest of the wall 
in area affected by overtopping.  The third upgrade 
option consisted of the placement of concrete 
armour units (Hanbars) in front of the existing 
seawall to form a toe berm. 
 

 
(a) Crown wall and concrete slab removed (partially) 

 
(b) Configuration 5 - 6.5 T Hanbars 

Figure 11    Examples of some of the tested solutions 
 
6. Overtopping 
6.1 Introduction 
Total overtopping volumes were measured along a 
representative 20 m long section of the seawall and 
averaged over the duration of the test.  This location 
along the crest of the existing seawall was chosen 
after running several preliminary tests. 
 
Review of the overhead video footage clearly 
showed that a direct consequence of the 
interactions between the incoming waves and the 
complex nearshore bathymetry resulted in focused 
impulsive jets of water overtopping the crest of the 
wall in a highly 3D form.  These localised 
overtopping jets were of variable width, 
predominantly between 5 and 10 metres. 
 

 
Figure 12    Examples of highly 3D wave overtopping 
 
6.2 Mean overtopping rates 
Overtopping volumes were reduced by 50% with the 
installation of the crown wall (10 L/s/m down to less 
than 5 L/s/m at prototype scale). Interestingly, the 
physical model showed that removing sections of 
the concrete slabs located in front of the seawall 
also significantly reduced overtopping by 75% to 
85%. This was attributed to the slabs acting as a 
ramp to direct the wave up the seawall as well as 
reducing the effective freeboard above the wave 
impact level. 
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Figure 13    Illustration of spatial variability of overtopping 
(existing configuration - F1) 
 

 
Figure 14    Mean overtopping rates for F1 
 
Further reduction of overtopping volumes was 
observed with the partial removal of the concrete 
slabs combined with the installation of a crown wall 
or the placement of model units representing 10T or 
6.5T Hanbar units, with average overtopping 
volumes around 1 L/s/m (prototype scale) for a 100 
year ARI storm for the present day water levels. 
 
6.3 Discussion 
Average overtopping discharge is commonly used 
in coastal engineering to classify the severity of the 
overtopping and risk to the integrity of the 
overtopped coastal structure, as well as safety of 
people [3]. 
 
Averaging overtopping volumes along a defined 
width of crest is a standard practice. This is typically 
not problematic for cases where overtopping 
processes are relatively two-dimensional and do not 
vary extensively along the crest of the considered 
structure.  However, in the case of Ōhau Point, it is 
important to realise that the necessity of measuring 
overtopping volumes along 20 m of seawall crest (in 
order to capture the spatial variability of the 
overtopping jets, as presented in Figure 15), result 
in a potential underestimation of mean overtopping 
rates created by overtopping jets predominantly 
about 5 to 10 m wide (prototype scale). 
 
The consequence of averaging overtopping over 
the 20 m (prototype scale) width can be further 
volumes during flume testing. depicts the evolution  

illustrated by looking at instantaneous overtopping 
of total overtopping volumes captured by the catch 
tray during a short duration test for the existing 
seawall configuration. 
 

 
Figure 15    Time series of overtopping volumes for 
existing condition  
 
Note that two overtopping events (i.e. Events 1 and 
2) accounted for nearly 50% of the total volume 
measured.  Review of these two events indicates 
that the overtopping jet width was between 5 and 10 
m, albeit at different locations along the crest. 
 
6.4 Hanbars Stability 
A total of 9 Hanbar armour unit stability tests were 
undertaken for three (3) different armouring 
configurations, which consisted of 6.5 T (310 units), 
10 T (240 units) and a mix of 20 T (35) and 10 T 
(180) Hanbar units, placed in front of the existing 
seawall and extending seaward to the -4.0 m 
NZVD2016 bathymetric contour. 
 
The placement of the model Hanbar units gave due 
consideration to the specific constraints of the Ōhau 
Point site, such as the maximum reach of the crane 
to be used for placement, and the influence of ocean 
conditions on placement reliability that would be 
expected during construction. 
 
The overall observed damage process (Figure 16) 
was similar for the three different armouring 
configurations and consisted of: 
 
• Progressive peeling of units on both flanks of 

the armour layer (1); 
• Units were pushed up from the seaward edge 

all the way to the seawall (2); 
• The 6.5 T units were observed to hit the seawall 

during 100 year ARI events (i.e. F1 and F3)  (3); 
• Units were lost between the two surface 

piercing rock outcrops (4); and 
• Units were also observed to be lost between the 

seawall and the rock piercing the surface in the 
north (5). 
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Figure 16    Armour damage processes  
 
All Hanbar armour stability tests showed relatively 
high levels of damage to the structure under 
extreme wave conditions (100 year ARI), for the 
smaller armour units tested. Regardless of unit’s 
size, damage for two consecutive tests, to account 
for the difficulty of access of the site and undertaking 
repairs necessity the mobilisation of a specialised 
mobile crane, were consistently high with damage 
levels of at least 20% of units displaced. 
 
7. Wave loads  
Tests were performed to measure the wave loads 
on the seawall crown wall for two model 
configurations (with and without the concrete slab at 
the toe of the existing seawall). Wave loads were 
measured on a 5 m long crown wall section 
(prototype scale) centred on chainage 860 m, which 
was at the location considered to experience peak 
overtopping intensity.  An example of a wave hitting 
the crown wall section attached to the load cells is 
shown in Figure 17. 
 

 
Figure 17    Wave hitting the crown wall during Test F1 
(without concrete slab) 
 
Wave loads on the proposed crown wall were 
assessed for the 100 year storm event (present day 
sea level).  Maximum instantaneous peak horizontal 
wave loads of approximately 100 kN/m (prototype 
scale) were observed for the tested design. While 
the measured data is considered to provide a 
reasonable estimate of the magnitude of wave 
impact loads on the crown wall, it is important to 
consider that the results contain some inherent 
scale effects such as altered air entrainment at this 
scale. 
 

8. Conclusions 
Q3D physical modelling was successful in 
modelling very complex wave and overtopping 
processes at the Ōhau Point post-Kaikōura 
earthquake. The coastal road at the rehabilitated 
site was experiencing an overtopping hazard even 
in relatively mild wave conditions. 
 
The physical modelling considered a range of 
configurations including the existing format of the 
site and three remediation options to address the 
overtopping hazard. The most efficient and practical 
options to reduce overtopping identified were the 
partial removal of some of the already damaged 
mass concrete slabs located at the toe of the 
existing concrete seawall and the installation of a 
crown wall along the crest of the wall in area 
affected by overtopping.  
 
Removal of the concrete slabs was trialled but could 
not be achieved. A concrete crown wall was 
designed informed by the results of the physical 
modelling and construction on site finalised in late 
2020. 
 

 
Figure 18    Construction of new crown wall  
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Abstract 
The recent development of relatively low-cost Earth observation satellites now provides the ability to image 
the entire Earth’s surface at daily timescales. Such high-cadence imagery has unlocked the ability to examine 
a range of processes at spatial and temporal scales previously inaccessible within coastal science. Here we 
present details on the use of imagery from the Planet Labs constellation of Earth observation satellites to 
examine changes on the Whāingaroa (Raglan) Harbour ebb tidal delta on the west coast of the North Island 
of New Zealand. The time-averaging of stacks of still images captured by oblique land-based cameras has 
been widely used to identify features such as rip channels, nearshore bars, ebb-tidal delta bars and channels, 
among others. Recently, a similar method has been developed to work with collections of satellite imagery 
from a range of government and commercial satellite sensors. By accessing 194 cloud-free images from 2017-
2019 we are able to time-average collections of Planet Labs imagery with the Google Earth Engine (GEE), a 
cloud-based geospatial analytics platform. Using this approach, we can quantify the migration of bars and the 
main channel at the Raglan ebb tidal delta. Additionally, outputs of a high-resolution (5 km) wave hindcast of 
New Zealand waters and local tidal predictions were used to determine the wave conditions and water level at 
the time each image was captured enabling us to examine tidal and wave control on patterns of wave breaking. 
The approach we use is simple and with the growing constellations of commercial and government Earth 
observation satellites has a range of potential applications within coastal dynamics and maritime safety. 
 
Keywords: Ebb-tidal deltas, remote sensing, satellite imagery, Google Earth Engine 
 
1. Introduction 
Ebb-tidal deltas are found fronting many of 
Aotearoa/NZ’s harbours. These deltas are 
comprised of large volumes of sand which form 
dynamic bar and channel systems [1]. The deltas 
are key controls on coastal change by modulating 
alongshore sediment delivery which drives 
downdrift coastal change. Additionally, the shallow 
waters and energetic waves within delta systems 
make them a navigation hazard for vessel operators 
and have been the site of many of NZ’s most deadly 
maritime accidents. Due to the shallow water, 
rapidly changing bathymetry, strong tidal flows and 
complex patterns of wave breaking ETD are 
particularly dangerous and expensive locations to 
gather in situ observations. Despite these 
challenges, hydrographic surveys and field 
observations of ETD are still undertaken alongside 
remote sensing and numerical modelling to resolve 
ETD dynamics [2-4].  
 
Remote sensing studies of ETD have typically 
utilised imagery from ground-based [2,5], airborne 
[6] and spaceborne sensors [7-8] to successfully 
examine ETD dynamics. Ground-based cameras, 
such as those within the Argus or the Cam-Era 
systems, have been widely used to examine 
nearshore processes including rip detection [9], 
ETD dynamics [5] and bar migration [10] based on 
the contrast between broken (bright) and unbroken 
waves (dark) in digital images. When stacks of 
images are time-averaged areas of persistent 
broken and unbroken water become increasingly 

evident. Such techniques are often used to indicate 
the presence of rips where wave breaking is 
relatively low compared to areas adjacent to the rip 
channel, resulting in time-averaged pixels which 
appear dark in a greyscale image. Conversely, 
shallow water over bars forces wave breaking 
resulting in highly reflective surface which appears 
white in a greyscale image.  
 
Recently, this technique has been adapted for 
satellite imagery and applied at ETDs. Ford and 
Dickson [7] time-averaged imagery captured by the 
Landsat 7 and 8 satellites of the Manukau Harbour 
ETD on the west coast of Auckland, New Zealand 
and were able to observed migration of the bars and 
channels of >1 km on decadal timescales. Both 
Landsat 7 and 8 capture 15-30 m resolution imagery 
of the same location every 16 days, or 8 days in 
locations where orbital paths overlap. Ford and 
Dickson [8] addressed the limitation of Landsat 
imagery by utilising commercial imagery from 
Planet Inc. whose satellites capture 3-4 m imagery 
with a near-daily revisit time. A key weakness of 
these previous studies is that the approach does not 
consider the differences in water level or wave 
heights at the time of image capture and can 
therefore bias a record depending on the conditions 
at the time of image capture. For example, optical 
imagery is dependent on cloud-free conditions 
which are more frequent during summer months, 
therefore these image collections are likely biased 
toward periods of lower wave heights during 
summer. Likewise, the ability to examine the 
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patterns of wave breaking on ETD bars under 
different water levels and wave conditions provides 
the potential to develop tools to predict patterns of 
wave breaking at ETD’s. Here we present details of 
the use of imagery from Planet Inc. coupled with 
water level and wave conditions at the time of image 
capture to examine the dynamics of the ETD at 
Raglan/Whāingaroa harbour on the west coast of 
the North Island of New Zealand. 
 
2. Field Setting 
Whāingaroa/Raglan Harbour on the west coast of 
the North Island of New Zealand (Figure 1). The 
harbour is part of a post-glacial drowned river valley 
[11]. The harbour is shallow, with an average depth 
of 2.5 m and a maximum depth of only 18 m. Of the 
harbours ~33 km2 area ~24 km2 is intertidal. The 
Raglan ebb-tidal delta (RETD) complex sits at the 
mouth of the harbour.  The RETD is comprised of a 
shallow (<4 m) swash platform which extends ~2 km 
offshore from the inlet and is ~3 km wide [5] The 
delta is intersected by a channel oriented 
approximately east-west and ~300 m wide [5].   
 

 
 
Figure 1   A & B) The Raglan ebb-tidal delta at the mouth 
of Whāingaroa (Raglan) Harbour on the west coast of the 
North Island of New Zealand. 

 
3. Method 
3.1 Planet satellite imagery 
Planet Inc. is a US-based private company which 
operates the World’s largest constellation of Earth 
Observation (EO) satellites [12]. Unlike traditional 
EO satellite systems which rely on a small number 
of large satellites the Planet constellation consists 
of >100 small 3U ‘Dove’ cubesats (i.e. 3 x 10cm3). 
Collectively, the active constellation of dove 
satellites enables near-daily imaging of the entire 
Earth’s surface. Freely available imagery from 
government operated EO satellites, such as 
Landsat and Sentinel-2, have spatial resolutions 
between 10 and 30 m. In contrast, the best available 
spatial resolution of very high resolution (VHR) 
optical satellites is 30 cm, although these 
resolutions are only available in the panchromatic 
band which captures light from a broad spectrum, 

rather than the multispectral bands (i.e. red, green, 
blue, NIR etc) which are typically 1-2 m in resolution. 
The spatial resolution from the Planet constellation 
is ~3.7 m, fitting between that of the freely available 
government EO data and that from VHR 
commercial satellites. Planet satellites collect 
imagery in a number of ‘channels’ or spectral bands. 
Early Planet satellites collected only visual bands 
(i.e. red, green and blue), whereas more recent 
iterations of the Dove satellites also collect a near-
infrared band and some “super dove” satellites 
capture 8-band imagery at ~3.7 m resolution.  
 
Planet deliver imagery at several different 
processing and calibration levels depending on the 
use of the imagery [12]. In this study we utilised the 
PlanetScope Ortho Tile product which has been 
orthorectified, geometrically and radiometrically 
calibrated and in units of at sensor radiance. All 
imagery we used were first inspected for cloud 
contamination prior to downloading. Images were 
subsequentially converted into units of Top-of-
Atmosphere (TOA) reflectance, which is intended to 
minimise differences between images collected at 
different levels of solar radiance (Figure 2). 
 

 
 

Figure 2   True colour PlanetScope Ortho Tile image of 
the Raglan ebb-tidal delta captured 24-Feb-2019 showing 
the main channel, swash bars, channel margin linear bars 
and breaking on the terminal lobe  (Hs = 3.02 m and water 
level = 0.97 m). 
 

3.2 Oceanographic conditions 
To examine tidal and wave controls on the patterns 
of breaking on the RETD the water level relative to 
chart datum and incident wave height at the time of 
image capture were added as metadata properties 
to each image. This enables the collection of 
images to be filtered based on date, water level and 
wave height. Water level was calculated based on 
Land Information New Zealand (LINZ) tidal 
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predictions for Raglan, with the water level 
calculated at the time of image capture following 
calculations provided by LINZ (for full details see:  
https://www.linz.govt.nz/sea/tides/tide-
predictions/how-calculate-tide-times-heights).  
 
A three-hourly time series of significant wave height 
(Hs) ~10 km offshore of the RETD was generated 
from a wave hindcast. The hindcast is produced by 
Oceanum Ltd. using the SWAN (Simulating Waves 
Nearshore) spectral wave model [13]. The model 
has been run for New Zealand coastal waters at a 5 
km resolution and is forced with ERA5 winds and full 
spectral wave boundaries from a global wave model 
run by Oceanum Ltd. The wave height at the time of 
image capture was calculated by linearly 
interpolating between the wave heights preceding 
and proceeding image capture. 
 
3.3 Data processing 
We used the Google Earth Engine (GEE) to process 
the PlanetScope TOA imagery. The GEE is a cloud-
based application for geospatial data analysis [14]. 
GEE provides access to a wide range of remote 
sensing algorithms which are run on Google’s 
servers, negating the need for high-performance 
local computing. The GEE has been used to study 
a wide range of environments and processes in the 
coastal zone including: shoreline change [15], 
mangroves [16], coral reef islands [17] and ebb-tidal 
delta dynamics [7-8].  Users can access the GEE 
through a web-based code editor, which we used in 
this study, or can be accessed via a Python API.  
 
Within GEE a stack of imagery is referred to as an 
image collection. Users can access existing image 
collections of freely available imagery within GEE 
(i.e. Landsat, Sentinel-2 and others) or can create 
their own image collections stored within GEE. All 
PlanetScope TOA imagery used in this study were 
uploaded into GEE with metadata containing the 
date and time of image capture along with the water 
level and wave height at the time of image capture. 
The imagery was then loaded into an image 
collection. The resultant collection comprised 194 
images captured by between 01/01/2017 and 
31/12/2019.  
 
A range of summary statistics can be calculated 
from an image collection on a per-pixel basis 
through an image collection. Within GEE these 
operations are known as image reductions, where a 
collection of images is reduced to a single output 
image. Many of the common image reductions (i.e. 
mean, median and standard deviation) are 
analogous to methods applied to stacks of imagery 
from terrestrial images captured by the likes of 
Argus or Cam-era systems. Within GEE we derived 
the mean, median and standard deviation through 
the collection of images of the RETD (Figure 3). 
Given each image within the collection had 

metadata fields for date/time, water level and wave 
height we were able to filter the collection of images 
based on these properties prior to running the 
image reductions. For example, we can time-
average all images in a certain date range or those 
within a certain water level or range of wave heights. 
 
4. Results 
4.1 Identifying geomorphic features 
The key features of the RETD were able to be 
readily identified in the mean, median and standard 
deviation reductions of the 2017-2019 image 
collection. The mean and median reduction clearly 
shows persistent breaking on the channel margin 
linear bars, swash bars and along the beach. 
Conversely, both reductions clearly show the 
absence of breaking in deep water offshore, within 
the main channel and within the sheltered waters 
within the harbour. 
 

 
 
Figure 3   Mean (A), median (B) and standard deviation 
(C) reductions through the entire image collection. Note, 
the standard deviation is calculated for all bands, but for 
clarity is presented for only the blue band. 
 

4.2 Change detection 
Subtracting the mean reduction of the 2017 
collection (Figure 4A) from the mean reduction of 
2019 data (Figure 4B) reveals changes in the 
pattern of wave breaking on the RETD (Figure 4C). 
Of note, we observed a potential seaward shift of 
~200 m in the position of the terminal lobe. Likewise, 
changes in the orientation of some of the channel 
margin linear bars are observed, resulting a 
clockwise rotation of the RETD. In general, the 
position of the main channel remained largely stable 
across these time periods. 

 
 
Figure 4   Mean reduction of all A) 2017 imagery and B) 
2019 imagery and the difference in the image intensity 
(i.e. 2019-2017) in top of atmosphere reflectance values 
revealing areas of increased (red) and decrease (blue) 
reflectance indicating changes in wave breaking. 

 

426

https://www.linz.govt.nz/sea/tides/tide-predictions/how-calculate-tide-times-heights
https://www.linz.govt.nz/sea/tides/tide-predictions/how-calculate-tide-times-heights


Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Full Paper Title 
Author Names 

 
4.3 Wave and tide controls on wave breaking 
In order to examine tidal and wave controls on 
breaking, the image collection was filtered into nine 
sub-collections based on water level and wave 
height and each sub-collection time-averaged. Each 
of the nine filtered collections contained a 
combination of the highest, middle, or lowest one-
third of water levels and wave heights from the time 
of image capture. This enables the patterns of wave 
breaking on the RETD to be observed under 
different oceanographic conditions. When water 
levels were high (i.e. images captured during the 
highest one-third of water levels) and wave heights 
were low (i.e. images captured during the lowest 
one-third of wave conditions) waves are rarely 
observed to be breaking on the channel margin 
linear bars (CMLB), terminal lobe or swash bars 
(Figrue 5A). Likewise the surf zone on the beaches 
adjacent to the channel are narrow, indicating 
limited breaking on the bars with only small waves 
(<0.99 m offshore) breaking directly on the beach 
face. Conversely, when water levels are low (lowest 
third) and wave heights are within the highest third 
(>2.51 m offshore) we observe extensive breaking 
across the terminal lobe and on all bars types 
(Figure 5I). 
 

 
 
Figure 5   Mean image reductions of collections of 
PlanetScope TOA imagery from 2017-2019 filtered into 
the highest, middle and lowest one-third of water levels 
and wave heights. 

 
5. Discussion 
By accessing nearly 200 cloud-free, images from 
the Planet constellation of Earth observation 
satellites we are able to time-average the collection 

to reveal patterns of wave breaking on the Raglan 
ebb-tidal delta. The contrast between broken (i.e. 
highly reflective pixels) and unbroken (i.e. dark 
pixels) makes identifying bars and channels 
straightforward. The ability to automate the analysis 
of such a rich collection of imagery using the Google 
Earth Engine makes such analysis scalable and 
without the need for significant local computing 
resources.  
 
The technique we have developed is similar to 
those that have been used for decades to examine 
nearshore processes using fixed terrestrial cameras 
[5,9]. However, the approach has many key 
differences to those applied to oblique imagery from 
ground-based cameras. First, the imagery from the 
Planet constellation provides near-daily global 
coverage. The global coverage of satellite imagery 
provides opportunities to examine processes 
occurring over large spatial scales and in locations 
not accessible through ground cameras. Likewise, 
ground-based cameras are most effective when 
elevated to provide less acute viewing angles, 
whereas satellite imagery is near-nadir view of any 
section of the coast. Second, unlike ground-based 
cameras, satellite imagery provides a uniform 
resolution across the scene in contrast to ground-
based cameras which show more detail in the 
foreground which limits their utility for examining 
large-scale features. Several other factors such as 
harmonised image processing (i.e. geometric and 
radiometric calibration) streamline image analysis, 
while rich archives of Planet imagery which now 
extend several years making analysis of new sites 
readily available. Conversely, there are several 
limitations in the use of optical satellite imagery 
which is often hampered by cloud-cover which 
reducing the number of useable images, particularly 
during winter months. As a result, our collection of 
imagery is biased towards summer months, when 
wave conditions are less energetic.  
 
A key advance in our study is the inclusion of water 
level and wave height at the time of image capture 
which enables us to examine ebb-tidal delta 
dynamics under different forcing conditions (Figure 
5). The ability to couple imagery with oceanographic 
conditions provides the opportunity to examine 
changes in ebb-tidal delta morphology in response 
to episodic and seasonal changes in wave 
conditions. Likewise, the coupled collection of 
imagery and water level and wave heights has the 
potential to be used to develop models to predict 
wave breaking on the RETD and potentially provide 
safety tools for vessels navigating complex ETD 
bar/channel systems. 
 
5.1 Future opportunities 
Imagery from the Planet constellation is one of 
several sources of imagery now available from 
either commercial or government satellites. By 
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including freely available imagery from government 
satellites including Sentinel 2 and Landsat it 
possible to increase the number of observations 
substantially, albeit at lower resolutions. Likewise, a 
number of new commercial satellites have been 
launched or are in development, providing 
opportunities to further improve the sampling 
frequency. Some platforms now capture short (<180 
sec.) video from space which would enable the 
examination of short-term processes including wave 
breaking and runup. 
 
Summary  
Using a rich collection of medium resolution optical 
satellite imagery from the Planet constellation of 
Earth observation satellites we mapped patterns of 
wave breaking on the Raglan ebb-tidal delta. We 
coupled outputs of wave and tidal models with the 
image collection to provide the water level and wave 
heights at the time of image capture enabling 
examination of the pattern of wave breaking under 
different conditions. The technique we have 
developed and presented has considerable 
potential to further understanding of ebb-tidal delta 
dynamics and develop tools for improving safety of 
vessels operating in ebb-tidal delta fronted 
harbours. 
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Abstract 
Recent advances in ruggedized industrial control system equipment and architecture in combination with latest 
technologies in the fast-evolving 3D LiDAR sensor sector becoming available have enabled the implementation 
of sophisticated automation technologies for port facilities. This paper provides an overview of a use case for 
such automation technology in ports integral to operations and planning. 
 
The real-time 3D machine vision-based port automation system described in this paper was originally 
developed in 2018-19 for the BHP-Mitsubishi Alliance’s (BMA) Hay Point terminal in Queensland. It has seen 
deployment at other major mining and general ports in Australia, including at Dalrymple Bay Terminal (DBT) 
managed by Dalrymple Bay Infrastructure Management (DBIM), and has the following overall use cases: 
 

• Docking Aid 

• Port traffic control on site and at remote operations centres 

• Vessel loading or unloading safety assurance 

• Vessel breaking mooring safeguard 

• Port / berth infrastructure safeguard 
 
In order to deliver the above functionality, the system automatically tracks in real-time and records in a historical 
data base not only vessel approach and departure data, but importantly all six degrees of freedom (6 DOF) 
vessel motions surge, sway, heave, roll, pitch and yaw for all attending vessels during their mooring cycle. 
 
This paper details the specific use case of the system at DBT’s continuous wharf featuring 4 berths. It also 
details the potential for using it as the basis for increasing berth access for required tasks during a vessel 
mooring cycle, considering such access is frequently denied because of the potentially fatal risk of mooring 
line snap back.   
 
Keywords: Port Automation, Vessel Tracking, Docking Aid, Vessel Motion Detection, Berth Access Safety. 
 
1. Introduction 
The first section of this paper provides an overview 
of generic use cases of vessel tracking systems, 
including the specific one applicable to Dalrymple 
Bay Infrastructure Management (DBIM). The 
Docking Aid use case includes a summary of the 
types of marine vessel tracking systems that can be 
used to track bulk carriers as in use by DBIM at their 
Hay Point port operation in Queensland, Australia. 
Since a shore-based Light Detection and Ranging 
(LiDAR) has distinct advantages over on-board 
vessel tracking system types as described therein, 
DBIM opted to implement a shore based, 
permanently installed LiDAR system.  
 
The second section of the paper provides a 
breakdown of key requirements that DBIM were 
looking to satisfy with the system, complemented 
with explanations on how these requirements were 
met. Whilst DBIM had a range of site specific needs 
to meet, these are certainly very much 
representative of and applicable to the majority of 
other global ports, including not only all and any 
other bulk material but also container vessel or 
cruise ship operations for example. 

 

 

Figure 1   An aerial view of Dalrymple Bay Terminal’s 
(DBT) continuous 4 berth wharf at Hay Point in 
Queensland, Australia. The terminal is sized to host up to 
4 large bulk carriers at any time. The neighbouring 
terminal to the left is operated by BHP-Mitsubishi Alliance 
(BMA).  

2. System Use Cases 
2.1 Docking Aid  
Port and pilot operations of major ports with large 
vessels including bulk carriers in attendance have 
two options to provide real-time information for use 
as a docking aid. The first one is to use Global 
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Navigation Satellite System (GNSS) or Global 
Positioning System (GPS) data collected by either 
dedicated antennas and their receivers or the 
existing on-board systems integrated into a pilot’s 
Portable Pilot Unit (PPU) and ideally its other 
navigation software. All associated equipment has 
to be brought on-board and set up prior to use for 
every vessel approach.  
 
The second option is to use laser based LiDAR 
sensors based onshore. Perkovič et al [9] provide a 
good summary and practical insights on these 
options in their recent publication Laser-Based Aid 
Systems for Berthing and Docking. The World 
Association for Waterborne Transport Infrastructure 
(PIANC) published a review of current shore-based 
and ship-based berthing velocity measurement 
technology options in its 2020 Berthing Velocity 
Analysis of Seagoing Vessels Over 30,000 DWT 
report [17].  
 
2.1.1 On-board GNSS Docking Aid Systems  
In order to enable ship heading to become aligned 
well to the docking aid system, two or more 
dedicated high accuracy GNSS or GPS antennas 
need to be set up on-board with a long baseline in-
between them, otherwise the determination of the 
heading offset will be inaccurate, potentially 
prohibitively so. This is often impractical to achieve 
at accessible locations on-board, hence pilots resort 
to short baselines, thereby already introducing an 
error into the docking aid system.  
 
As Perkovič et al [9] highlight, satellite based 
positioning systems can only function to any 
acceptable accuracy when their antennae are not 
physically obstructed, and when the pilot has 
enough time to properly set-up the PPU system by 
entering antenna positions and identifying the ship’s 
gyro heading offset, if that is even possible. PIANC 
Working Group 145 [17] suggests that ‘the mounting 
location of the primary (position) GNSS antenna 
relative to the vessel’s bow/stern and port/starboard 
sides should be accurately established.’ We would 
argue that this is in practice impossible to achieve 
without introducing a significant error to the 
coordinate system in use.  
 
The reason why aligning the on-board high 
accuracy GNSS antennas with the ship’s coordinate 
system is problematic is because that firstly requires 
valid and accurate knowledge of the applicable 
offsets of the ship’s coordinate system to the 
antenna mounting position, which is at best difficult 
but in reality likely impossible to obtain and pre-plan 
to have at hand in situ. Secondly, even if such 
offsets can be established, there is always an error 
between design and as-built dimensions of a 
vessel’s features that the antenna is mounted on. 
These are likely in excess of several cm or more, 
depending on where exactly the antennas are 

placed. This may appear a small error, but it will 
result in significantly larger errors regarding the 
tracked position of a vessel’s bow or stern relative 
to fenders, potentially in excess of several metres. 
 
Further compounding the problem, the total error 
budget of on-board GNSS docking aid systems 
consists of a number of additional components that 
are explained below. A comprehensive explanation 
is also available in the Guideline for Control Surveys 
by GNSS, published by the Intergovernmental 
Committee on Surveying and Mapping [8]. 
 
At many port locations, the approaching and 
berthing pilotage phase is short, so there often is not 
enough time to set up an advanced PPU system. 
Regardless of timing, the biggest issue with these 
systems is manual error, which they are highly 
prone to in the high-pressure process of docking a 
large vessel, where many other tasks and 
considerations have to be taken care of by the pilot 
and any other support crew. This leads to 
distractions and the potential for erroneous on-
board system set up, which is worse than not having 
a docking system at all, since it may provide a false 
sense of security for the docking manoeuvre that in 
actual fact may lead to an unanticipated collision. 
 
Additional obstructions other than the highest 
portion of the vessel itself frequently come into play 
in constrained ports in form of port infrastructure 
such as ship loaders, cranes, buildings, and even 
other vessels, all of which result in much more 
inaccurate determination of the antenna positions 
placed on the vessel than sufficiently accurate Real-
Time Kinematic (RTK) or Differential GPS (DGPS) 
systems are capable of providing otherwise. Any 
change in direction of the vessel during approach 
changes the horizon obstructions which can lead to 
further or changes to degradations and time delays 
to regaining signal accuracy, which is unacceptable 
when seconds count during a berthing process. 
 
It is also pertinent to point out that even latest 
generation survey grade RTK equipment and 
antennas are limited to horizontal positional Survey 
Uncertainty (SU) of < 4cm, which is only achievable 
if best practice in RTK specific survey data 
collection is observed. Such best practice requires 
recording and averaging of positions for an absolute 
minimum of 1 minute after the rover has 
successfully initialised, i.e. after ambiguity 
resolution [8]. This is impossible to achieve in a 
dynamic application such as tracking moving 
vessels with an on-board GNSS system and means 
that horizontal positional accuracies of an on-board 
RTK vessel tracking system are by default worse, 
potentially much worse than 4cm for each of the 
antennas installed on-board, leading to combined 
baseline inaccuracies and misalignments much 
worse than advertised.  
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Table 1 below summarizes all factors affecting on-
board GNSS docking aid system accuracy 
described in the preceding paragraphs as a list of 
error budget items. Rather than quantifying these 
errors at the source such as the PU of antennas for 
example, their effective magnitude is expressed as 
the resultant potential difference between actual 
and displayed distance of vessel bow or stern 
sections to fenders, since that is the truly relevant 
criterion when using docking aids. 
 

Table 1   Error budget summary of relevant factors 
negatively impacting on-board GNSS docking aid system 
accuracy, expressed as the difference between actual 
and displayed vessel bow or stern section distances to 
fenders, which is the relevant criterion for docking aids. 

Error Description Magnitude 

Short on-board antennas’ baseline Up to metres 

Coordinate system offsets Up to metres 

Berth (chart) reference generalization Up to metres 

Vessel 2D display generalization Up to metres 

Antenna horizon obstructions Up to metres 

RTK antenna never static for > 1 min Up to metres 

RTK signal degradation Up to metres 

 
Perkovič et al [9] investigated berthing data of a 
large vessel in order to quantify the magnitude of 
actual inaccuracies of on-board docking aid 
systems. For a ship of the large size investigated, 
the authors state that such an orientation error could 
mean a deviation of up to 10 m from where the pilot 
and captain think the bow of the vessel is. This 
matches what has been expressed in the error 
budget summary in Table 1 and all but renders this 
method a useless docking aid tool.  
 
More anecdotally but nevertheless highly relevant 
for real-life scenarios, Perkovič et al [9] report that 
marine pilots have observed sudden jumps of the 
vessel or tug in certain areas on their monitoring 
equipment, which in effect shows the ultimate 
outcome of signal degradation in GNSS or GPS 
positioning devices or other detrimental effects as 
listed in Table 1 and described in preceding 
paragraphs. Whilst the severity varies between 
locations, it does mean that unfailing reliability is 
never achievable if this data is to be used to mitigate 
to a satisfactory extent potentially catastrophic 
events caused by such large vessels. 
 
2.1.2 Shore-based LiDAR Docking Aid Systems  
Shore based LiDAR docking aid technology can be 
divided into mobile and permanently installed 
systems. Mobile systems have been proposed in 
the past on the basis of perceived cost advantages 
[6]. A single mobile LiDAR docking aid system is 
intended to be deployed to multiple berths as 

needed, thereby reducing the capital cost to a single 
rather than multiple systems. In reality, this is not 
only impractical for multiple berth and busy ports 
where several vessels may need to be tracked at 
the same time, leading to a logistical planning 
overhead, but more importantly, the deployment of 
such mobile systems requires operational 
personnel. Not only would this involve training to 
ensure system accuracy and be prone to manual 
error regardless just the same as GNSS based 
systems are, it also constitutes an ongoing 
operational cost. This negates the additional capital 
cost to install multiple but permanently mounted 
systems in a short amount of time.  
 
Permanently installed LiDAR docking aid systems 
are intended to be a set and forget solution. They 
fully autonomously track every single mooring cycle 
of all attending vessels, without the need for any 
error prone manual input and therefore any 
operational personnel, and without the need for any 
equipment to be brought on board the vessel. 
 
PIANC collated available vessel velocity data from 
Berthing Aid Systems (BAS) for its report on 
berthing velocities of sea-going vessels [17] 
published in 2020. The authors state that ‘although 
not yet adopted for BAS, rotating or oscillating head 
lasers (LiDAR) offer the ability to scan the ship 
profile in 2-D or 3-D. LiDAR has the potential to 
better identify hull curvature and features.’ This 
indicates that none of the 14 ports that collected 
vessel approach velocity data sets for this report 
had such superior 3D data available. Hence this 
paper provides an update on this statement in that 
such a superior 3D system is now available. 
 
For the system implemented at DBT, all vessel 
tracking occurs remotely, with vessel ranges, 
speeds, and approach angles numerically reported 
in real-time, and visualized in a 3D viewer. It is 
important to note that unlike GNSS docking aid 
systems relying on charts to define the distance of 
the vessel relative to berth, which risks overlooking 
the potential for collisions with actual berth elements 
such as fenders which are typically not shown in 
required detail, the DBT shore and 3D LiDAR based 
system measures and has in its field of view all 
actual berth infrastructure near the water line, 
including fenders. It can therefore report on actually 
applicable critical distances between all portions of 
the vessel and all portions of the berth. Critical 
distances are automatically selected and displayed. 
 
All approach events are recorded in a data base that 
can be searched and recalled to identify any 
collision featuring excessive vessel speeds during 
berthing. This system is unique in that it is the only 
commercially available docking aid that is fully 
functional and therefore reliable at all times under 
any conditions as explained in subsequent sections 
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below. DBIM ruled out the use of alternative shore 
based, permanently installed offerings on the basis 
of their intermittency of tracking, caused by inferior 
tracking sensors not collecting 3D data, and/or their 
lack of software capability in providing tracking data 
in real-time. This aspect is detailed further in the 
DBIM Requirements and Deliverables chapter 
below. 
 
2.2 Port Traffic Control  
Many modern mining operations including all of 
Western Australia’s established Iron Ore producers 
have implemented remote operation centres to 
coordinate the entire production chain from a central 
location. Generic rather than mining ports have 
similar central control centres. The system 
presented lends itself to be used for traffic control 
and therefore to become an integral tool for 
planning purposes on the basis of tracking and 
visualizing actual vessel movements in real-time 
and in 3D for locations potentially thousands of 
kilometres away. This can extend to highly detailed 
task planning and management such as tide and 
loading dependent mooring line pattern allocation. 

Crucially, this system is not affected by adverse 
weather conditions such as fog or night-time 
darkness that affect standard CCTV cameras. Such 
2D sensors cannot provide any 3D tracking either. 
Whilst radar technology can maintain measurement 
robustness in adverse weather conditions, such 
systems have to date no capability to provide high 
resolution 3D visualization data rivalling LiDAR 
based vessel tracking output. 

2.3 Port / Berth Infrastructure Safeguard  
Very rapid cargo volume growth often exceeding 
port capacity, and vessel size increase to a point 
where port facilities can no longer serve larger 
vessels were listed as major challenges for existing 
ports in the Masterplans for the Development of 
Existing Ports report by PIANC in 2014 [15].  
 
This is a fundamental industry trend that has been 
ongoing for centuries but has accelerated into 
significant civil engineering challenges more 
recently. It poses the potential risk for significant 
berth infrastructure damage, particularly to fenders, 
if vessel speeds and approach angles during 
approach and berthing exceed prescribed limits 
[17]. If any excess speed results in a collision force 
induced by the vessel onto the fender or other berth 
infrastructure larger than it is rated for, then 
permanent damage may be the outcome. Rectifying 
such damage is very costly and it is in the asset 
owner’s interest to identify the specific event that 
caused it, so that accountability can be established.  
 
The berth infrastructure safeguard use case of this 
system is to fully autonomously track every single 
mooring cycle of all attending vessels, without the 
need for any error prone manual input, and without 

the need for any equipment to be brought on board 
the vessel. As per Docking Aid use case, all vessel 
tracking occurs remotely, with vessel ranges, 
speeds, and approach angles numerically reported 
in real-time, and visualized in a 3D viewer. All such 
events are recorded in a database and in the event 
that any berth or infrastructure damage is noticed at 
any time after the event, the data base can be 
searched, and matching incidents recalled to 
identify and quantify any collisions during berthing. 
This has proven to be a compelling business case 
for port asset owners who don’t themselves operate 
the terminals to install the tracking system. 
 
We note that in its very recent report on all aspects 
of bulk port operations, PIANC recommends that 
approach velocity limits of 0.1m/s and 0.15m/s 
should be applied to modern large bulk carriers 
berthing in protected harbours or at offshore berths 
respectively [16] to ensure berth infrastructure is not 
damaged. This requires that the system measuring 
vessel velocity is commensurately accurate. 
 
The accuracy of reported system vessel approach 
data as installed at DBT has been thoroughly and 
independently tested by Curtin University of 
Technology’s Spatial Sciences department domain 
experts in extensive vessel approach scenarios 
including a large range of unlikely ever to occur but 
nevertheless relevant edge cases, and has been 
proven to meet the most stringent tracking accuracy 
requirements [4] as summarized in Table 2. This is 
essential to assure not only continuity without 
intermittency, but also quality of vessel tracking 
under all circumstances, considering that even 
minor precision or time synchronisation errors 
between multiple sensors can have a detrimental 
impact on overall system accuracy.  
 

Table 2   3DPortGuard vessel tracking system accuracy 
as reported by Curtin University in an independent 
accuracy assessment. Source: [4]. 

 Mean Lower 5% Upper 5% 

Distance 
Error [m] 

-0.0065 -0.0127 -0.0002 

Speed Error 
[m/s] 

0.0000 -0.0062 0.0062 

Orientation 
Error [deg] 

-0.0076 -0.0160 -0.0020 

 
Validity for finding unequivocal root causes for 
infrastructure damage in the tracked data base of 
the system presented is therefore ensured, should 
its data ever be needed for any legal court cases 
where potentially tens of millions of dollars in 
contested infrastructure repair costs are at stake.  

2.4 Vessel Loading Safety Assurance  
Bulk carrier vessels such as the ones listed in 
Table 3   Vessel Classes attending DBT and their 
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sizes, are subjected to the elements of wind, tide, 
current, and wave motion when moored at exposed 
wharves, causing the vessel to move within the 
limits that the mooring arrangement permits. Similar 
motions are induced even in more protected ports 
where surges can be caused by long waves or wave 
reflections off port enclosures. Passing large 
vessels can also cause berthed vessels to surge.  

Such vessel motions can cause retractable portions 
of ship loaders to collide with bulk carrier hatch 
openings, which can lead to ship loader or vessel 
damage, or both. This has occurred in industry e.g. 
[9] and constitutes a considerable financial burden 
for replacement, not to mention disruptions to 
operations. Offshore oil and gas loading at Floating 
Production Storage and Offloading (FPSO) facilities 
is subject to similar risks, either when a tanker is 
loaded alongside the FPSO as occurs at Shell’s 
Prelude operation in Western Australia, or if it a 
tanker is loaded behind a FPSO, which can lead to 
jack-knifing and associated strain of loading 
infrastructure. 

Other vessels such as container and cruise ships 
are subjected to the same motions when moored as 
bulk carriers, with similar hazards affecting their 
core operations in port. Cranes loading container 
vessels must stack containers on top one another 
inside the cargo hold within very tight placement 
tolerances [14], which becomes unsafe if the vessel 
is moving under the suspended crane load.  

Current crude practice is for stevedore crews to 
station a sentry near the vessel to visually observe 
how much it is moving. Needless to say this is 
difficult to visually judge and impossible to visually 
quantify to any degree of certainty, particularly at 
vessel sections relative to berth distant to the 
sentry’s own location. Yet PIANC actually quantifies 
what these motions should not exceed in its 
dedicated reports on this subject matter [10 and 14].  

2.5 Vessel Breaking Mooring Safeguard  
The world's largest bulk material export port [12], 
with exports including primarily iron ore, but also 
lithium and salt is located at Port Hedland in 
Western Australia. It is utilized by three of 
Australia’s top four iron ore miners, BHP Group, 
Fortescue Metals Group (FMG), and Roy Hill. As 
summarized in a Pilbara Ports Authority (PPA) Port 
of Port Hedland Marine Safety Bulletin from January 
2021 [13], mooring line failures and parted mooring 
line incidents pose a significant risk to personnel, 
infrastructure, and operations in the port. Over the 
past few years, a significant number of mooring line 
incidents were reported in the Port of Port Hedland. 
These form approximately 20% of all marine 
incidents in the port. The Australian Maritime Safety 
Authority (AMSA) reported in their special bulletin 
on mooring safety in 2015 [2] that this issue caused 
two fatalities in that year alone. PIANC [15] also 
reports that mooring snap back poses an ongoing 

risk to maritime personnel with potential fatal 
consequences. 
 
In the context of stringent safety considerations by 
all Australian mining but more generally all generic 
port operations, this kind of concentration of a 
specific safety hazard not least because it has the 
potential to cause fatalities warrants a concerted 
effort to mitigate the risk. 
 
PIANC reported in 2019 [16] in its coverage on 
Specialist Mooring Systems that the vast majority of 
terminals for any type of shipping rely on traditional 
mooring lines. As a result, large vessel operations 
not having universally adopted vacuum or other 
automated mooring systems to replace the use of 
traditional mooring lines have an ongoing need to 
mitigate the risk of mooring lines parting, and with it 
the risk of mooring line snap back. The system 
described in this paper delivers the fundamental 
tracking data to do so in that it is the only type of 
system on the market that provides actually 
measured data on all six degrees of freedom of 
vessel motions  
 

• Surge 

• Sway 

• Heave 

• Roll 

• Pitch 

• Yaw 
 
Alternative systems commercially available 
invariably only track a portion but not all six degrees 
of freedom. The reason for this is further explained 
in DBIM Requirements and Deliverables below. 
  
The above aspects on mooring lines directly affect 
the risk of vessels breaking mooring. The 3D 
tracking system installed at DBT automatically 
switches from approach mode, which can be used 
as a docking aid, to drift mode, tracking data when 
the vessel is moored to determine vessel drift. 
Excessive vessel drift outside normal parameters is 
automatically alarmed on to various operations 
personnel, such that immediate action for bulk 
carrier retrieval can be instigated in order to prevent 
damage to the vessel and port infrastructure.  
 
Large vessels have not only broken mooring in 
generic maritime settings but specifically Cape Size 
carriers in bulk material ports have also broken 
moorings in the past. This last reported incident 
occurred at the DBT wharf specifically in 2008 [5] 
[7]. These events are relatively rare but have 
potentially catastrophic consequences in regard to 
infrastructure or vessel damage or both. As is 
evident in the description by the Australian Maritime 
Safety Authority of another Cape Size carrier 
breaking mooring at Hay Point in 2019, every 
second counts in these circumstances [3].  
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The drift mode functionality of the vessel tracking 
system described in this paper was the key use 
case that DBIM determined it needed to implement 
with the intention of mitigating the risk of a vessel 
breaking mooring. Like other Australian east coast 
bulk material ports, DBT’s wharf is not located in any 
protective harbour, but exposed to the elements. 
The chapter DBIM Requirements and Deliverables 
below provides further detail on what had to be 
considered to achieve this outcome. 

 
3. DBIM Requirements and Deliverables 
The system functions DBIM were looking to 
implement were a subset of the total system 
functional capability as described in the previous 
section System Use Cases. In other words, the 
overall system caters for a range of needs, with 
users setting different priorities on which of the 
functions they require. Existing users other than 
DBIM have selected different functions as their 
priority, all of which can be met. 
 
All sub-chapters in the following sections of this 
paper first identify what DBIM stated as their key 
requirement for the vessel tracking system, and 
then provide details on how these requirements are 
met by the 3DPortGuard system that was chosen by 
DBIM for site implementation in a competitive 
tender process.  
 
Since the paper guidelines for this conference 
prescribe a set page limit it is not possible to cover 
all such requirements. The following sections 
therefore highlight only a select key subset of them. 
 
3.1 Drift Detection  
Drift detection was identified by DBIM as a key 
requirement in order to mitigate the risk of vessels 
breaking mooring as indicated in the earlier section 
Vessel Breaking Mooring Safeguard. 
 
3.1.1 Lateral Drift Detection  
The system must be able to reliably differentiate 
between vessel drift away from the berth, and 
normally expected ship movement. Vessel drift is 
considered to be a movement of 2m or more of the 
vessel bow or stern away from the dolphins. 
 
3DPortGuard vessel lateral tracking is based on full 
3D measurements that are processed in real time 
by dedicated proprietary 3D image processing 
software modules. Alternative systems are known to 
be unreliable including the lateral measurement 
because unless full 3D measurements covering 
sufficient portions of the vessel are continuously 
captured by the sensor field of view and are 
processed in real-time, reliable and robust vessel 
tracking in the lateral direction particularly for the 
stern and bow sections featuring curved hull shapes 
is not possible.  

 
This is particularly true when large tidal movements 
and loading variations in the vertical direction apply, 
which is the case for DBT at Hay Point and many 
other locations around the globe. 3DPortGuard 
lateral vessel movement is accurate and reliable 
under any tidal and loading condition because of its 
3D detection and processing capability. The drift 
detection tracking algorithm automatically 
commences once a vessel is fully moored. 
  
All subsequent lateral vessel movements are 
reported as distances of only the straight portion of 
the vessel bow and stern sections relative to the 
closest dolphins. Otherwise any slight longitudinal 
vessel movement along the berth that naturally 
occurs for any moored vessel would result in a large 
lateral movement being reported for any curved hull 
portions on the bow and stern, resulting in false 
vessel drift alarms. It can therefore be argued that 
this lateral drift algorithm as described is the only 
way to achieve meaningful tracking of actual lateral 
vessel drifts.  
 
Figure 2 illustrates this issue. Tracking this vessel 
relative to the fender along the red line as shown 
would result in unusable values because of the 
curved shape of the bow in this case.  
 

 

Figure 2   3DPortGuard showing DBT’s wharf digital twin 
and the vessel tracking system’s lateral drift vector 
relative to a fender opposite the curved vessel bow 
section. Such drift vectors are excluded from the vessel 
tracking system because they would lead to false drift 
alarming on what are in fact natural vessel motions during 
a mooring cycle.  

Aside from accounting for curved hull sections to 
avoid false drift alarming, the system separately 
reports on bow and stern positions such that any 
vessel breaking mooring lines only at one of these 
locations as has occurred in industry [3] is still 
alarmed on. Any integrated vessel alarm reporting 
on the movement of the vessel centre point for 
example may not be effective in such a scenario 
where only a portion of mooring lines break. 
 
3DPortGuard is designed to be set up to utilize and 
track vessel movement against for example PIANC 
or in this case DBIM site determined vessel 
movement guidelines for safe loading, un-loading, 
and detection of vessels breaking mooring. This 
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includes acceptable lateral movement detection of 
up to 2m of bow and stern sections away from 
dolphins as defined by DBIM for berthed vessels, 
albeit allowing for greater lateral variation during 
mooring / un-mooring when mooring lines are 
tightened or slackened as part of the process. Any 
lateral movement exceeding 2m is alarmed on in 
internal control systems. 
 
3.1.2 Longitudinal Drift Detection  
The system must be able to reliably differentiate 
between vessel drift along the berth and normally 
expected ship movement. Vessel drift is considered 
to be a movement of 1.5m or more of the vessel 
along the berth. 
 
As for lateral vessel tracking, 3DPortGuard vessel 
longitudinal tracking is based on full 3D machine 
vision measurements collected at tens of Hz over 
the entire sensor field of view. The data is 
processed in real-time by dedicated proprietary 3D 
image processing software modules. Other systems 
are known to be unreliable, particularly for the 
longitudinal measurement, because unless full 3D 
measurements covering sufficient portions of the 
vessel are continuously covered by the sensor field 
of view and are processed in real-time, reliable and 
robust vessel tracking in the longitudinal direction is 
not possible because of the vessel hull and deck 
feature shapes.  
 

 

 

Figure 3   3DPortGuard showing to scale an empty bulk 
carrier at high tide against the wharf (top), and a fully 
laden equivalent at low tide as applicable to DBT 
(bottom). 

In most scenarios only the flat side of vessels is in 
the field of view of 1D or profiler type sensors, which 
makes it impossible to reference any feature for 
longitudinal tracking. 3DPortGuard’s 3D system 

always has distinctive identifiable vessel features in 
its field of view, which ensures reliable longitudinal 
tracking.  
 
This issue is particularly relevant when large tidal 
movements and loading induced variations in the 
vertical direction apply as illustrated in Figure 3, 
which is the case for DBT at Hay Point, and all 
industrial ports in approximately the northern half of 
the Australian continent.  
 
In such scenarios it is critical for the sensors to track 
identical features of the vessel in 3D over time 
because of the drastic change in field of view 
content, and for the software algorithm to have the 
capability to process such varying scan cloud data 
to arrive at accurate drift detection results. In effect, 
what the 3D sensors view at the beginning of a 
mooring cycle of a vessel may bear very little 
resemblance to what they see from the fixed 
mounting point and orientation towards the end of a 
mooring cycle when tidal and loading changes 
caused the vessel to be positioned in excess of 20m 
higher or lower relative to the berth deck at the Hay 
Point wharf.  
 
3DPortGuard’s longitudinal vessel movement is 
accurate and reliable under any tidal and loading 
condition because of its 3D detection and 
processing capability.  
 
3.2 Operating Conditions  
3.2.1 Tidal Movement  
The system must be able to operate with tidal 
variation of up to 7m for the subject port, noting that 
there are ports which exceed this. 
 
A dedicated and highly sophisticated 3D virtual 
digital twin simulator has been developed for our 
port systems, which caters for testing sensor 
positioning and orientation in the actual berth 
environment detecting vessels in question. This 
ensures vertical vessel variations induced by tides 
and loading can be accounted for before anything is 
installed or used in situ. Any extreme cases of 
vessel tracking that are impossible to account for 
through in situ testing can be tested in the simulator.  
 
3.2.2 Vessel Size and Position  
The system must be able to operate with vessel 
lengths indicated in the table below. 
 
The DBT wharf is continuous for each dual berth 
pair and allows for vessels to berth at varying 
locations along each pair as is shown in Figure 1. 
This is different to fixed length berths, where the 
position of berthed vessels does not vary much. 
Secondly, the varying sizes of vessels as listed in  
 
Table 3 introduces an additional variation in the 
location and size of 3D data coverage required by 
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Figure 4   Sensor array superimposed as green sensor 
field of view and range arcs over DBT’s double berth 1 
and 2. This graph is amended by outlines of the smallest 
attending vessel hulls to showcase possible berthing 
locations. The diagram illustrates that the planned sensor 
array will always capture sufficient portions of the vessel.  

 
the combined sensor fields of view of the drift 
detection system. These factors above combined – 
continuous berth pairs and varying vessel sizes in 
attendance and their location along the berth – 
require careful design of the location and orientation 

of individual array 3D sensors such that all size 
vessels are detected and tracked at all times.  

Table 3   Vessel Classes attending DBT and their sizes 

Vessel Class Length Overall Beam 

HandyMax 179m 32.25m 

Panamax 225m 32.25m 

Japmax 225m 40m 

Cape 290m 45m 

VLC 320m 55m 

 
Figure 4 illustrates these possible vessel variations 
showing the smallest size vessel outline at 50m 
spacings and showing the selected 3D LiDAR 
locations and their field of view in green along one 
of the berth pairs. The largest vessel in attendance 
(VLC class) is also shown to highlight that any 
sensor array coverage of the smallest vessel 
automatically also works for any larger vessel. The 
second berth pair arrangement is identical to the 
one shown. 
 
3.2.3 Site Infrastructure  
The system must not be adversely affected by the 
movement of other site infrastructure such as 
mobile ship loaders, movable ship access ladders, 
and berth access ladders. 
 
The 3DPortGuard system features a sophisticated 
automatic true 3D point cloud culling algorithm that 
can utilize existing motion data input from ship 
loaders, access ladders, or any other relevant 
mobile equipment if available as is the case for DBT 
to determine which scan cloud portions need to be 
culled because they cover portions of such 
equipment at their applicable position and 
orientation. If such erroneous point cloud coverage 
is not culled it will distort vessel tracking data.  
  
4. Sustainability Considerations  
DBIM has refined the broad United Nations 
Sustainable Development Goals (SDG) to a more 
specific application at its industrial facilities for a 
range of themes including people, environment, and 
business performance that it pro-actively pursues in 
its day-to-day operations. This vessel tracking 
project forms part of the overall portfolio of such 
strategic activities in that it addresses the 
sustainability aspects detailed in Table 4. 
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Table 4    DBIM sustainability considerations addressed 
by this vessel tracking project. 

Theme: People 

Key Strategic 
Actions 

Alignment & Commentary 

Safety 
The project demonstrates a 

proactive approach to managing 
operational safety issues 

Theme: Environment 

Key Strategic 
Actions 

Alignment & Commentary 

Managing 
Terminal Footprint 

Project focuses on proactively 
managing potential impacts from 

operations 

Clean & Safe 
Shipping 

Project clearly improves shipping 
safety for vessels alongside at the 

terminal 

Theme: Business Performance 

Key Strategic 
Actions 

Alignment & Commentary 

Change & Risk 
Management 

Project clearly demonstrates a 
robust approach to risk 

identification management. 

Asset 
Management 

Project clearly demonstrates a 
commitment to carefully managing 

and improving assets. 

 
5. Summary  
Whilst site specific needs and solutions to DBIM’s 
vessel tracking system scope have been the focus, 
a range of broader use cases and technical 
considerations have also been presented in this 
paper with the aim of providing readers with a more 
holistic view of associated relevant aspects. 
 
Considerable design, planning, soft- and hardware 
development has gone into the implementation of 
this latest generation vessel tracking system that 
has overcome previous failings of such systems by 
others that fell into disuse. 
 
The sophistication of the features and technical 
specifications described presents the opportunity to 
address long standing operational shortcomings 
and safety risks during the mooring cycle of vessels 
in port. It does so on the basis of genuine 
automation technology that eliminates the influence 
of manual error and eliminates operational effort 
and expenditure otherwise applicable. 
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Abstract 
Floating pontoons exist in many sheltered waterways around the world and provide an important point of 
access, facilitating the movement of people between vessels and land.  Within Australia, piled floating 
pontoons are the most popular design.  A piled pontoon system allows minimal, but measurable lateral 
movement and has less restricted vertical movement and roll.  A key challenge for the engineer is providing 
both structural integrity and longevity, as well as ensuring safety for patrons using the pontoon. To date, 
engineers have focused on the former, designing the pontoons to withstand design wave conditions and impact 
forces, with minimal focus on how the dynamic motions relate to a person’s stability, despite these being public 
access structures. Ensuring the comfort of people using floating pontoons is imperative, yet present standards 
defining an acceptable level of motion for floating pontoons are limited.  Furthermore, no standards or 
guidelines exist defining how postural stability should be considered when designing floating pontoons.  
 
This paper presents new findings based on a set of field experiments conducted to measure the dynamic 
motions of piled floating pontoons and incident waves resulting from boat wake within Sydney Harbour and 
the Shoalhaven, NSW, Australia.  A survey of the general public was conducted concurrently to determine the 
perceived level of comfort while on the floating pontoons.  Resultant motion data and user perception were 
compared against previously defined Safe Motion Limits (SMLs) for user comfort and safety. These new 
prototype scale results identified that even under mild wave conditions, the pontoons at three of the four sites 
exceeded the nominated peak acceleration SMLs in all three axes and RMS accelerations in both lateral axes. 
Only the site with very mild waves (H/L = 0.006) did not exceed the nominated SMLs. Users described 
discomfort at all four sites, ranging from feelings of motion sickness, to discomfort due to the bumping of the 
pontoon against the piles. Overall, these results suggest more prototype data is needed to fully understand 
human perception and stability on floating pontoons under wave action for better engineering design. 
 
Keywords: accelerations, roll angles, safe motion limits, boat wake, Sydney Harbour. 
 
1. Introduction 
Floating pontoon structures have been used since 
ancient times to cross rivers and provide a safe path 
of access to vessels from land and vice versa.  In 
Sydney Harbour alone there are more than 137 
public access points (wharves, jetties and 
pontoons) for boat users [3] frequented by more 
than 172,000 commuter passengers per month as 
well as thousands of tourists.  
 
Understanding the hydrodynamics and body/wave 
interactions of these structures is important during 
their design as it ensures excessive motions can be 
minimised and users will remain both comfortable 
and safe.  While data exists for acceptable dynamic 
response limits for both land-based structures and 
sea going vessels, piled floating pontoon structures 
fall somewhere in between.  To date, there has been 
limited research on this topic and design standards 
defining motion limits for floating pontoons are 
limited.   
 
In this paper, we present new field measurements 
of the dynamic motions of four distinct floating 
pontoons within Sydney Harbour and the 
Shoalhaven, NSW, Australia. These are compared 

to measurements of the incident wave properties 
and to a set of previously defined safe motion limits 
(Section 2). In addition, as the safe motion limits 
were derived from literature based on human 
stability and comfort on moving land and sea based 
modes of transport, user surveys were undertaken 
at the three public access pontoons to better 
understand the suitability of the safe motion limits 
and ascertain how people felt while using these 
floating structures.   
 
2. Safe Motion Limit Criteria 
The Safe Motion Limits (SMLs) related to postural 
stability of a patron with respect to dynamic motions 
of a floating pontoon will be related to those motions 
originating from the moving environments described 
by Freeman et al. [1], due to the absence of 
information directly relating to floating pontoons.  A 
summary of the nominated SML is provided in Table 
1.  The SML nominated assign both acceleration 
and rotation limits and are based on ensuring that 
able bodied people (aged 7 - 65 years) remain both 
comfortable and safe while standing on floating 
pontoons.   Dynamic motions exceeding these limits 
have the potential to result in motion sickness, body 
instability, fatigue and discomfort.      
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Table 1   Safe Motion Limits (SML) for Older Children and 
Adults (Ages 7 – 65 years) 

Criteria Limit 
Operation (Peak Values)  
Peak Vertical Acceleration 0.1g 
Peak Lateral Acceleration 0.1g 
Peak angle of tilt 6° 

Comfort (RMS Values)  

RMS Vertical Acceleration 0.02g 

RMS Lateral Acceleration 0.03g 
RMS Roll 2° 

 
3. Field Testing Methodology 
3.1  Study Area 
Data was collected from four piled floating 
pontoons. Two located in Sydney Harbour and two 
in the Shoalhaven, NSW, Australia (Figure 1).  All 
four sites are exposed to boat wake resulting from 
passing and berthing vessels as well as local wind-
generated waves.  As the research was focused on 
assessing the effect of boat wake on the dynamic 
motions of piled floating box pontoons, the days of 
field testing were selected based on ensuring boat 
wake was the main contributing factor and wind 
waves were negligible.  

 
Figure 1   The Four Field Testing Sites. (a) Cremorne 
Point, Sydney Harbour (Top Left), (b) McMahons Point, 
Sydney Harbour (Top Right), (c) HMAS Creswell, Jervis 
Bay (Bottom Left) and (D) Orient Point, Shoalhaven. 

Each of the pontoons tested were piled rectangular 
box floating pontoons.  They had six degrees of 
freedom: surge (short axis, xb), sway (long azis, yb) 
and heave (vertical, zb), as well as three rotations 
around the centre of gravity (roll (φ), pitch (θ) and 
yaw (ψ))).  The pontoons located in Sydney Harbour 
(Figure 1a,b) had piles located on each corner (4 
off) and those in the Shoalhaven (Figure 1c,d) had 
piles on the seaward side only (2 off).  All pontoons 
tested had similar restraint and freedom of 
movement.  
 
3.2 Instrumentation 
3.2.1 Ultrasonic Wave Sensor XB 
Ultrasonic wave sensors were used to capture the 
water surface adjacent to the floating pontoons in 
order to obtain wave heights.  The basic operating 
principle of the sensors is to measure the ultrasound 
travel time from the instrument to the water surface.  
Each ultrasonic sensor was attached to a horizontal 
arm secured to one of the pontoon piles.  The 
sensors recorded data at a sample rate of 32Hz for 
a period of 60 minutes and returned a time-varying 
free surface signal.  The free surface signal was de-
spiked to remove erroneous short-impact signals 
and then analysed using a zero-up-crossing method 
to determine mean wave heights and periods of the 
incoming waves.   
 
Figure 2 shows a sample of the water level time 
series for each of the chosen sites, prior to filtering 
to remove the short duration peaks. Cremorne Point 
(Figure 2a) and McMahons Point (Figure 2b) are 
located in Sydney Harbour and are influenced by 
heavy and consistent ferry and boat traffic along 
with wind waves.  In contrast HMAS Creswell 
(Figure 2c) and Orient Point (Figure 2d) are 
sheltered locations with the waves generated by 
passing small recreational boat craft.   
 
The zero-up-crossing method was applied in two 
different ways for the two different types of data 
collected.  For Sydney Harbour locations, where 
wave action was continuous (Figure 2ab), the 
analysis was applied over the entire one hour time 
series.  For the more sheltered locations in the 
Shoalhaven where boat traffic was limited, zero-up-
crossing was only applied to the time-series where 
individual boat passes were identified (Figure 2cd) 
and the mean of the boat passes calculated.  
 
3.2.2 Accelerometers 
On each pontoon tested, two Life Performance 
Research Inertial Measurement Units (IMU) in the 
form of accelerometers were used to measure 
triple-axis accelerations and triple-axis gyrations.  
The  Units (IMUs) were positioned on one corner 
adjacent to the ultrasonic sensor and centrally on 
the pontoon, within GoPro housing.  A cartesian 
coordinate system was employed with IMUs 
positioned x-axis positive in the direction of pontoon 
width and the z-axis positive upwards.  Gyroscope 
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calibration was undertaken before testing using 
manual calibration whereby the sensors were 
placed in a motionless state and firmware command 
used to trigger gyroscope calibration.  Bluetooth 
connection between the IMUs and log computer 
allowed for immediate data recording of 
accelerations and rotations of the floating pontoons 
as the motions took place.  The accelerations 
recorded were in units of g (gravity, m/s2).  Data was 
recorded at a rate of 50Hz.  Sampling at a rate 
above this caused Bluetooth connection errors.  
Sync mode was used to ensure the IMUs were 
synced and recording at the same time.   
 

Figure 2   Sample Section of Water Elevation Time Series 
For Each Field Site: (a) Cremorne Point; (b) McMahons 
Point; (c) HMAS Creswell; and (d) Orient Point.  A Section 
of Wave Has Been Magnified for Information only. 
 
3.3 User Survey 
During field testing, the public (pontoon users) were 
invited to take part in a 2-minute survey (UNSW 

ETHICS HC20003) ascertaining their level of 
comfort/discomfort resulting from the pontoon 
movements at the three public pontoons: Cremorne 
Point, McMahons Points, and Orient Point.  The 
surveys were aimed at gathering information on the 
comfort level of people of different age, gender, and 
level of fitness  while standing on the pontoons.  
Surveys were dated, time-stamped and correlated 
to the dated and time-stamped motion response 
data with comparisons made against the nominated 
SML detailed in Table 1. It should be noted that 
people were apprehensive about completing 
surveys due to the onset of COVID-19, as such 
survey numbers and days of survey were limited.   
 
4. Results 
4.1 Wave Characteristics 
Table 2 provides results on the analysed wave 
parameters for each of the sites.  Wave heights (Hm) 
and periods (Tm) presented are the mean 
determined using methods described in Section 
3.2.1.  Results are presented relative to Beam (B) to 
Draft (D), Beam (B) to wavelength (L), and pontoon 
displacement (Disp) in tonnes for each location.  At 
all four sites mean wave heights were relatively 
small with short wave periods, typical of pleasure 
craft boat wake and ferries. The largest waves were 
at the two sites in the Shoalhaven (HMAS Creswell 
(HC) and Orient Point (OP)) where individual boat 
passes were clearly identifiable in the time series 
(Figure 2cd).  In contrast, the data from the two 
Sydney Harbour locations (Cremorne Point (CP) 
and McMahons Point (MP)) were influenced by both 
near-field boat traffic, as well as far-field boats, wind 
chop and reflections off the Harbour walls (Figure 
2ab).  
 
As the dynamic motions of the pontoon will be 
directly related to wave steepness, this is also 
presented in Table 2 for the four sites. Orient Point 
experienced the steepest waves, followed by HMAS 
Creswell and Cremorne Point, and then McMahons 
Point experiencing the mildest wave climate of the 
four sites.  
Table 2   Field Testing Parameters for Each Site: 
Cremorne Point (CP); McMahons Point (MP); HMAS 
Creswell (HC); and Orient Point (OP). 

 Location 
CP MP HC OP 

Disp 
(tonnes) 276 249 30 18 

B/D 10 11.1 5.0 7.2 
B/L 

0.94 0.78 0.22 0.33 

Hm (m) 
0.16 0.08 0.25 0.3 

Tm (s) 
2.4 3.26 2.3 2.1 

H/L 0.015 0.006 0.018 0.025 
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4.2 Dynamic Motion Response of Pontoons 
As detailed in Table 1, the motions of the four 
pontoons can be considered in terms of either 
operational-based or comfort-based safe motion 
limits. Both are important to understand the safety 
and comfort of patrons using these public spaces.  
 
4.2.1 Peak Vertical and Lateral Accelerations 
Figure 3 shows the peak acceleration in each axis 
(heave, surge and sway) relative to wave period and 
the operational SML criteria of 0.1g.  Even with 
significant differences between the size of each 
pontoon three out of the four sites exceeded the 
nominated SML even in the mild wave conditions 
presented here.   

 

 

 
Figure 3   Peak in Single (Heave, Surge and Sway) Axis 
of Acceleration Plotted Against Wave Period for Each of 
the Field Pontoons and Compared Against the Safe 
Motion Limit of 0.1g. (a) Heave Acceleration, (b) Surge 
Acceleration and (c) Sway Acceleration. Points 
Represent the Mean of the Two Sensors.  

 
Orient Point recorded the highest peak acceleration 
for each axis (Figure 3abc), with peaks ranging from 
2 to 5 times above the SML guideline of 0.1g.  This 
pontoon had the smallest displacement (18t) and 
was subject to the steepest waves (H/L=0.025).  For 
three of the pontoons, the largest peak acceleration 
was recorded in the surge (x-axis) direction 
resulting from the influence of the incoming wave 

pushing against the front face of the pontoon. 
Cremorne Point and HMAS Creswell had very 
different pontoon characteristics in terms of Beam 
and Displacement, however, were impacted by 
waves of similar steepness and recorded very 
similar peak acceleration in all three axes. This 
suggests the attributes of the incoming waves, 
rather than the specific design of the pontoon is 
likely the main contributor to the observed peaks in 
acceleration.  
 
The only pontoon to not exceed the SML in each 
axis was McMahons Point.  This pontoon had a 
large displacement (249t) and was subject to much 
flatter waves (H/L = 0.006).   
 
4.2.2 Root Mean Square Acceleration 
Table 4 summarises the results relative to the 
comfort criteria SML (root mean square (RMS) 
acceleration).  The values presented are based on 
the mean RMS of the two IMU sensors used at each 
site.  The highest RMS accelerations in both surge 
and heave were recorded for Orient Point, (0.09g 
and 0.01g, respectively).  Similar to the observed 
peak accelerations (Figure 3), the RMS 
acceleration for surge (x-axis) exceeded the comfort 
SML (0.03g) for all sites except McMahons Point.  
Heave (z-axis) RMS accelerations did not exceed 
the SML (0.02g) at any site. The RMS sway (y-axis) 
acceleration exceeded the SML (0.03g) criteria at 
three of the four sites and was as high as 0.07g 
(Cremorne Point). These results indicate that 
accelerations in the direction of wave propagation 
(surge and sway) are consistently large enough to 
cause discomfort for passengers using floating 
pontoons exposed to relatively small 
monochromatic boat wake.   
Table 3   Root Mean Square (RMS) Acceleration in x-, y- 
and z- Axis for Each of the Tested Sites. All Values in g. 
Bold Indicates Exceedance of SML. Values are Based on 
the Mean RMS From Two Sensors.  

 ax surge ay sway az heave 
SML 
Acceleration 
Criteria 

0.03 0.03 0.02 

Orient Point 0.09 0.05 0.01 

HMAS 
Creswell 0.06 0.03 0.01 

Cremorne 
Point 0.08 0.07 0.01 

McMahons 
Point 0.003 0.001 0.005 

 
4.3 User Perception Surveys 
As the SML presented in Table 1 are based on 
literature related to land-based moving modes of 
transport and sea-going vessels, it was important to 
also understand how people using the pontoons felt 
and compare these to the defined SMLs. Based on 
the survey results collected from a varied 
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demographic of adults (Table 5), more than half the 
users felt uncomfortable at the time of data 
collection.  At Cremorne Point, 7 out of 13 users 
reported levels of discomfort, 6 out of 10 users at 
McMahons Point and 3 out of 3 users at Orient Point 
even on the relative mild days of testing.  Recalling 
that McMahons Point did not exceed the comfort 
SML (RMS acceleration), it is interesting to note that 
more than half the people felt uncomfortable, 
suggesting that the comfort SML criteria in Table 1 
may be too high.  It was the ‘bumps’ that people 
found uncomfortable with one user at McMahons 
Point commenting that it can be ‘uncomfortable 
when the ferry bangs against the wharf’.  Daily users 
at Cremorne Point reported that at times ‘the 
rocking can be disconcerting’. With respect to 
understanding the operational SMLs,  Orient Point 
users felt unstable during the peaks in acceleration 
that were as high as 5 times the SML defined in 
Table 1.   
 
These results indicate that users often felt 
uncomfortable as a result of the frequent, yet short 
duration spikes in acceleration related to the 
pontoon-pile interaction, even on the mild days of 
testing.  
Table 4   Survey Results From Three of the Four Field 
Testing Locations.  

Cremorne Point Comfort Level 
Age People 

Count Uncomfortable Comfortable 

18-35 3 2 1 

36-50 5 3 2 

51-65 4 1 3 

> 65 1 1 0 

Total 13 7 6 

McMahons Point Comfort Level 
Age People 

Count Uncomfortable Comfortable 

18-35 2 1 1 

36-50 2 1 1 

51-65 1 1 0 

> 65 5 3 2 

Total 10 6 4 

Orient Point Comfort Level 
Age People 

Count Uncomfortable Comfortable 

18-35 2 2 0 

36-50 - - - 

51-65 - - - 

> 65 1 1 0 

Total 3 3 0 
 

5. Discussion 
5.1 Safe Motion Limits 
Despite their widespread use throughout Australia, 
research on how the motions of floating pontoons 
impact on a person’s comfort and stability are rare.  
The preliminary data collected during this study 
suggests that patrons often felt a degree of 
discomfort or instability whilst standing on the 
pontoon.  
 
Days of field testing were mild and yet the 
nominated peak SML (all axes) and lateral RMS 
criteria were exceeded at three of the four pontoons 
tested.  62% of surveyed users felt 
uncomfortable/unstable with many identifying the 
‘bumps’ associated with pontoon/pile interaction as 
disconcerting. Given the limitations presented in 
collecting this data during a global health pandemic, 
there is a clear indication that extended field user 
survey and more pontoon motion data is needed. 
This will provide a greater understanding of the 
range and levels of motion, as well as 
comfort/discomfort patrons feel to further inform 
safe motion limits for floating pontoons.   
 
5.2 Design Considerations 
Field testing of existing structures is an important 
aspect in informing more detailed laboratory scale 
testing. In particular, the four pontoons tested here 
varied in size (dimensions), mass, exposure and 
pile location, all of which influence the pontoon 
motion response.  Of the four field sites tested, 
Orient Point most closely resembled the pontoon 
dimensions and wave conditions adopted in a series 
of detailed laboratory scale tests.  In the laboratory 
tests, measured peak and RMS accelerations were 
in good agreement with what was recorded in the 
field at Orient Point.  In particular, the observation 
that steep waves result in high accelerations, 
irrespective of pontoon size. Detailed lab tests 
showed high peaks in lateral acceleration, 
irrespective of pontoon size, due to pontoon/pile 
interaction as the pontoon bumped against the pile 
with the passing wave.   
  
Laboratory results have additionally suggested 
relationships between observed peaks in 
acceleration and pontoon dimensions such as 
beam, draft and the natural period of the pontoon. 
Both lab and field data suggest that the pontoon-pile 
connection is a key component in understanding the 
magnitude of acceleration experienced and should 
be considered in future research. By adopting a 
combination of changes in the form of increasing 
draft, mass and beam width of the structure, 
considering what the natural period of the pontoon, 
and the pontoon-pile connections at the design 
stage, the motion response can likely be reduced. 
 
6. Summary  
Field testing at four distinct sites under typical wave 
conditions has shown that even under the relative 
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mild wave conditions the nominated peak SML were 
exceeded at three of the four sites and user 
discomfort was experienced.  Orient Point, the most 
comparable in size and design to previous 
laboratory testing recorded the highest peaks in all 
axes (0.25g (heave), 0.5g (surge) and 0.22g (sway) 
and all surveyed users were uncomfortable.  In 
surge and sway the RMS comfort criteria was 
exceeded at three of the four sites with results 
comparable to previous laboratory data, seen most 
evidently at Orient Point.   
 
The high lateral RMS accelerations were a result of 
the constant ‘bump’ of the pontoon against the piles 
which was also observed in previous laboratory 
data.  Field testing has indicated that the nominated 
SML may underestimate the level of discomfort 
users of floating pontoons experience. Further 
testing at both field and laboratory scale, as well as 
patron surveys are recommended.  
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Abstract 
Asset management of aging marine structures is vital to maintain operations within a port. Lyttelton Port 
Company (LPC), like many ports, has a diverse range of assets, with some structures dating back to the 1800’s 
and the newest structures being completed in 2020. Over time there has been changes in shipping and 
operations, with many structures currently being used for vessels and traffic that was never intended. However, 
with time pressures, ever changing trade demands, sustainability and large capital costs; extending the life of 
existing assets, rather than replacement, is often the pragmatic and preferred option. 
 
This paper discusses the overall and annual asset management program at LPC, that has been implemented 
over the last 20+ years and how it has improved the operational efficiency at the port. This has primarily been 
achieved by extending the life of assets via detailed structural inspections, analysis, asset maintenance 
planning and a program of maintenance repairs. This work is completed in a challenging environment, with 
information gathered from the inspections used to make informed decisions on risk, recommended repairs and 
limited operational restrictions on a location specific basis. The structural assets cover a variety of structural 
forms and materials, including hardwood timber, reinforced concrete, pre-stressed concrete and structural 
steel. However, other assets, such as pavements and seawalls, are also managed. 
 
The paper is rounded out with the Client’s perspective on the importance of understanding each of the Ports 
assets through effective asset management. This outlines the benefit of having a knowledgeable engineering 
team implementing the asset management, a detailed understanding of the structures, awareness of 
operational influences and the ability of being agile to respond to changes in the aging assets condition or 
responding to unexpected incidents. 
 
Keywords: port infrastructure, asset management, marine structures, extension of life, level of service 
 
1. Introduction 
Lyttelton Port Company (LPC) is the largest port in 
the South Island of New Zealand and largely 
dependent for servicing the Canterbury region. In 
the mid 1800’s LPC was recognised as a port for 
operating via one 150 ft (46 m) long by 15 ft (4.5 m) 
wide timber jetty [1]. From the mid 1800’s to now the 
number of marine structures at LPC has 
significantly increased with more than 20 structures 
of various construction types and structural forms. 
 
Over this period vessel loadings and operational 
loadings have increased beyond original design 
loadings, e.g. from 60 – 80 m wooden sailing ships 
to 180m bulk carrier vessels. To reduce the need for 
capital expenditure for new structures and to cope 
with the increasing vessel and operational 
demands, an asset management program was 
developed with WSP 20+ years ago, with the goal 
of keeping existing structures operational. 
 
Marine asset management at LPC is based on 
using specifically trained engineers from WSP that 
understand the structures and the risks to the client. 
The focus is on preserving and extending the 
remaining life of the structure via maintenance 
repairs, whilst operations continue. 
 

Health & Safety (H&S) is an important part of 
working in an operational port. WSP work 
collaboratively with LPC to identify hazards that are 
typical to a fully operational port with the intention of 
minimising the likelihood and consequence of the 
hazard occurring. 
 
Structural inspections are carried out by the WSP 
engineers to identify locations that may require 
repair, ensuring minimal disruption to operations 
while maintaining the recommended level of service 
(LOS). Structural analysis is completed using the 
information gathered from inspections and utilising 
detailed models/analysis, specific to the structures. 
The analysis, combined with knowledge of the 
structures, is used to determine if repairs are 
required, or a reduction in LOS recommended, to 
avoid local overloading of structural members.  
 
WSP work with LPC to provide an annual report 
deliverable that summarises the inspection findings 
and structural members that are recommended for 
repair. This is discussed with LPC and assessed 
against H&S and operational risks, to allow LPC to 
make informed decisions on what repairs to 
prioritise to maintain operations. If a repair(s) is 
required these will be allowed for in the next 
financial year.  
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The marine asset management programme aligns 
with the current values and priorities at LPC. The 
collaboration between WSP and LPC is an example 
of whanaungatanga [2] or building strong 
relationship values. Extending the life of existing 
port infrastructure is also an example of working 
towards ensuring the right infrastructure is in place 
at the right time and cost to deliver sustained 
profitability and growth at LPC. 
 
2. LPC Marine Assets 
LPC can be split into two different sections; the 
outer harbour and the inner harbour, which can be 
seen in Figure 1.  

 
Figure 1   LPC's inner and outer harbour structures 
(Source: LPC). 

The outer harbour structures are made up of a 
range of structural forms and construction dates 
(1960’s to now). Materials include hardwood timber, 
structural steel, pre-stressed concrete and 
reinforced concrete. An example from the recent 
(2015) CQ2 structure is shown in Figure 2. The 
outer harbour structures service the container 
terminal, coal export, car import and cruise trades.  
 

 
Figure 2   Below deck of CQ2 structure in LPC outer 
harbour (Source: WSP NZ Ltd). 

The inner harbour structures have different 
construction and refurbishment dates, but all were 
originally constructed in the 1800’s to early 1900’s. 
They predominately consist of hardwood timber 
piles, hardwood timber capping beams, hardwood 
timber stringer beams and a reinforced concrete 
deck, see Figure 3. The inner harbour structures 
service bulk, fish, log and oil trades. 

 
Figure 3   Terminology used for elements of timber 
structures in inner harbour (Source: WSP NZ Ltd). 

The age of each structure and the type of structural 
form typically determines the level of maintenance 
that is required to ensure it provides an appropriate 
LOS. Older structures have typically had numerous 
repairs to the original structural system. This results 
in multiple structural systems to be considered 
when assessing the load path and any required 
maintenance.  
 
3. Asset Management Planning 
One reason for having an asset management plan 
is to locate and quantify defects that may present 
risk to life or restrictions to operations. Port 
infrastructure can face multiple sources of 
deterioration and damage that can stop operations. 
Common structural defects that are typical to 
marine structures include: 
• Vessel impact damage. 
• Vehicle impact damage. 
• Historic construction defects. 
• Timber section decay. 
• Timber splitting and crushing. 
• Marine organism (Teredo, Limnoria, etc.) attack 

in timber piles. 
• Structural steel section corrosion. 
• Chloride ingress into concrete. 
• Steel reinforcement corrosion. 
 
The overall asset management planning started 
20+ years ago with the following aspects: 
• Detailed structural inspection of each asset to 

define current condition. 
• Define the desired LOS and remaining life for 

each asset through detailed discussions 
between WSP and LPC. 

• Assess the structural capacity compared to the 
desired LOS and remaining life by gap analysis. 

• Identify required maintenance to achieve the 
desired LOS / life, or acceptable lesser LOS / 
life. The options provided to LPC represented: 
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o Different levels of risk. 
o Different cost distribution over five years. 
o Reduced cost / risk for lower LOS than 

desired. 
o Prioritising assets based on operational 

requirements. 
• Based on the options provided, decisions were 

made weighing up acceptable risk and 
maintenance cost. 

• A recommended LOS for each structure was 
provided and the agreed annual maintenance 
process implemented. 

 
The annual asset management process for the 
marine structures at LPC is completed by the 
following steps: 
1. Detailed structural inspections & Health and 

Safety. 
2. Structural analysis. 
3. Asset condition assessment reporting. 
4. Recommended maintenance works and defect 

and repair tracking. 
5. Maintenance budgeting for next financial year. 
 
4. Inspections 
4.1 Detailed inspections 
Detailed structural inspections are typically 
completed yearly at LPC to capture common 
structural defects and any other defects that may 
restrict operations. The frequency of inspection is 
predominately due to the level of risk adopted by 
LPC, expected deterioration from the marine 
environment on the building materials and early 
detection of damage from impact loading. 
 
Whilst inspection guidance documents such as the 
Wharf Structures Condition Assessment Manual 
(WSCAM) are now available, the inherent 
knowledge of each structure held by LPC and WSP 
has allowed structure and material specific 
inspection regimes to be developed to meet the key 
performance indicators from LPC. 
 
Inspection templates are marked up on site to 
record defects observed. Each inspection entry is 
recorded in a spreadsheet with a condition rating 
and action from inspection. Structural elements 
(e.g. piles) are grouped by a numerical system. A 
bent and alphabetical grid system for individual 
member referencing has been adopted for each 
structure to ensure locations can be identified year 
after year and monitoring of defects until a LOS 
repair is required. 
 
Water based inspections are completed from 
watercraft under the structure at high and low tides. 
High tide inspections typically focus on the 
superstructure elements. Low tide inspections focus 
on the sub structure elements and fendering around 
the berth face of the structure. Topside inspections 
are completed from the structure and predominantly 

focus on the condition of the concrete deck and 
deck furniture such as light masts, bollards, etc. 
 
4.2 Health and Safety 
As with all ports, LPC can be a challenging 
environment to work in due to vessel movements, 
large mobile vehicles, stored energy (from vessel 
mooring lines), working over water and working 
from heights.  
 
H&S is the most important part of working at an 
operational port. Working over water and while 
operations are continuing can produce several risks 
and hazards. Hazard identification is an ongoing 
process in an operational port. WSP work alongside 
LPC to identify and reduce the 
likelihood/consequence of each hazard via 
documentation such as risk registers, job safety 
analysis (JSA) and safe work method statements 
(SWMS). 
 
The five most important H&S measures that WSP 
inspectors are required to check before visiting a 
fully operational port environment are: 
• Communication plan. 
• Vessel movements. 
• Deck operations & vehicle movements. 
• Weather. 
• Tides. 
 
Communication and an understanding of the 
operations that occur at LPC are important to 
ensure that LPC personnel and port users are 
aware of our location. LPC provides WSP engineers 
with the latest vessel movements, weather 
information and tide information to help with 
planning and implementing inspections. Due to the 
dynamic environment, continued review of the five 
H&S measures are required during inspections, 
through communications with LPC. 
 
4.3 Timber Structures 
Yearly detailed inspections are carried out across 
the timber structures to check the members for any 
defects. The main elements inspected include the 
hardwood timber piles (low tide), capping beams 
and stringer beams (high tide). A typical timber 
structure can be seen in Figure 4. 
 

 
Figure 4   Typical wharf edge of inner harbour timber 
structure (Source: WSP NZ Ltd). 
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Timber capping beams and stringers are visually 
and physically inspected to determine the condition 
of the structural member and assess the remaining 
timber section. During a visual inspection the WSP 
engineers look for the following defects: 
• Timber splitting. 
• Timber section decay. 
• Load path defects. 
 
Physical inspections typically involve using 
hammers for sounding the condition of the timber. 
When further investigation is required, drilling 
through the member is completed to confirm the 
condition of the timber beyond the surface. 
 
Necking in hardwood timber piles, see Figure 5, is 
normally observed at low water. During spring low 
tides, the necking diameter of the pile is recorded 
along with other defects such as holes, Teredo 
damage or splits. 
 

 
Figure 5   Example of pile necking (Source: WSP NZ Ltd). 

4.4 Concrete Structures 
Older reinforced concrete and prestressed concrete 
structures at LPC are inspected yearly due to the 
level of risk adopted by LPC. Depending on 
completed works, different aspects may be 
inspected over different years, resulting in slightly 
longer intervals for some aspects. A typical concrete 
wharf at LPC is shown in Figure 6, showing pre-
stressed concrete piles and reinforced flat slab 
soffit. 
 
Concrete inspections are a mix of visual and 
sounding via hammer. During the inspection the 
WSP engineers typically look for the following 
defects: 
• Cracks. 
• Spalling concrete. 
• Rust staining. 
• Exposed reinforcement. 
• Areas of drummy concrete. 

 
Figure 6   Typical underside of concrete structure in LPC 
outer harbour (Source: WSP NZ Ltd). 

If an area of concrete appears to have some of the 
defects stated above, further hammer sounding 
around the defect(s) is completed to confirm the 
extent of repair required and check for any further 
deterioration. It is common for the extent of repair to 
be larger than the observed defect(s) and an 
accurate estimate of the defect area helps with 
budgeting. 
 
4.5 Steel Structures 
As well as yearly visual inspections, the typical 
frequency for steel thickness testing is 3 years, once 
the baseline reading is taken. This frequency varies, 
when the remaining steel thickness approaches the 
intervention level. WSP carry out steel thickness 
testing from low tide and above, whilst diving 
contractors are used for below low tide work. An 
example of unprotected structural steel elements 
installed after the 2010/11 Canterbury earthquakes 
are shown in Figure 7. 
 

 
Figure 7   Steel thickness testing site on steel headstock 
beam and driven steel piles supporting the original 
hardwood capping beam under an outer harbour structure 
(Source: WSP NZ Ltd). 

4.6 Fendering and Bollards 
With larger vessels comes larger loads on 
structures. This can result in wear and tear damage 
to fender units or structures. WSP include an annual 
inspection of the fendering and bollards to record 
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any damage that may have occurred due to normal 
and abnormal vessel berthing. This is in addition to 
LPC’s typical observations. A typical timber bollard 
pile from LPC is shown in Figure 8. 
 

 
Figure 8   Typical timber bollard pile used for ship mooring 
lines from an inner harbour timber structure (Source: 
WSP NZ Ltd). 

5. Analysis 
To define the deck loading LOS, analysis has been 
completed on each structure to determine the 
structural capacity for gravity loads. Some 
structures have a known design loading from more 
recent structural upgrades, whereas others have 
the LOS back calculated from the structural 
element’s capacity.  
 
When back calculation is required, LPC provide 
WSP with what vehicles (e.g. specific forklifts) or 
operational equipment (e.g. bulk hoppers), that are 
desired to operate on the structure. The load 
definition of these vehicles is determined and their 
effect on the structure assessed. The demand from 
the operational loading is compared to the structural 
element’s capacity, calculated via the relevant 
structural code. This provides a fraction of capacity 
(FOC) based on the undeteriorated element’s 
capacity. If the FOC is <100%, the remaining 
allowance for section decay is assessed and a risk-
based decision made with LPC regarding the 
vehicle’s operation. 
 
Based on the structure’s analysis, each structure is 
given a broad recommended LOS. This LOS 
indicates the typical use of the structure, of which 
individual vehicles may fall within. Some of the 
recommended LOS options that are currently used 
at LPC inner harbour structures include: 
• No loading. 
• Pedestrian Only. 
• Light vehicle (GVM ≤ 3500 kg). 

• High Productively Motor Vehicle (HPMV). 
• Hopper loading. 
 
Larger, LPC specific, LOS options are available for 
structures that handle large forklifts, straddles and 
ship to shore cranes etc. Bespoke vehicles such as 
mobile cranes are assessed on a case by case 
basis.  
 
As part of the analysis of individual vehicles, a 
demand repair limit and a demand cordon limit are 
defined. When the capacity of a structural member 
becomes less than the repair limit, then the member 
is recommended for repair. When the capacity of a 
structural member becomes less than the cordon 
limit, then the member is recommended for a 
reduction in LOS or cordon. Cordons typically come 
in the form of administration control such as crane 
permits (to restrict crane operations from areas 
below the required LOS) or physical barriers to 
avoid overloading. 
 
To preserve operational continuity and avoid the 
need for capital expenditure, the analysis is 
completed accounting for aspects that allow more 
capacity to be extracted from the existing structures. 
This involves things like: 
• Timber species testing and timber element 

moisture content to avoid using conservative 
timber capacities. 

• Assessing multiple spans applicable, if spans 
vary on the structures to avoid conservative 
estimates of demand. 

• Utilising design codes that allow a reduction in 
load factor when loads are broken down into 
detailed aspects. 

• Completing detailed analysis when the element 
geometry differs from the material code. 

 
An example of the detailed analysis completed 
when the loading is outside of the material code is 
assessment of tapering timber piles with localised 
necking. Hardwood timber piles naturally taper from 
the pile head diameter decreasing to the pile toe. 
The natural taper along with any localised necking 
(typically at low water level) can affect the axial 
capacity of the pile. In this case Euler buckling 
analysis is used to determine the remaining 
hardwood timber pile capacity. A structural model 
with a tapering cross section and localised necking 
was developed to accurately determine the 
minimum required necking diameter for a given pile 
head diameter and length of pile to fixity. The 
assessment is still consistent with the material code 
by using appropriate code-based Euler buckling 
factors and associated checks. 
 
6. Interpretation and Management 
Based on the analysis completed and from the 
inspection data received on site, the structural 
members are assessed against the loading from the 
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asset’s specific LOS. Where required, 
recommendations are made identifying the 
structural members that should be repaired to avoid 
possible restrictions to operations. These repairs 
are given a priority based on its risk to life and 
consequence for interruptions to operations. 
 
Identified defects and recommended works are 
tracked for each structure to ensure a current 
knowledge of their condition. This is vital to the 
asset management process to enable risk-based 
decisions, forward planning and rapid response to 
different operational requests. 
 
This defect tracking is used to manage risk relating 
to individual loading cases such as mobile crane 
operations. Part of the crane permitting system uses 
the identified defects to assess whether cranes can 
operate. This is achieved by issuing a crane permit 
with instructions on how to get to the lift position (if 
restrictions required) and perform the lift to avoid 
overloading structural members. 
 
7. Asset Condition Assessment Report 
The asset condition assessment report provides 
LPC with a brief background on the structure and 
findings from the annual inspection. Each member 
is given an ‘as inspected’ condition rating that 
describes the deterioration.  
 
The number of LOS structural members that have 
failed the repair demand limit or cordon demand 
limit are summarised for the client. The report also 
shows any unresolved works and a repair tracker 
graph to show the progress of repairs over previous 
financial years. 
 
This provides a concise summary of the current 
condition of the structure with important items 
summarised for easy understanding and 
recommended actions. Whilst the annual report 
records a summary, any issues of concern are 
discussed and addressed with LPC at weekly 
meetings throughout the year. The report feeds 
directly into the maintenance planning for the 
following financial years. 
 
8. Maintenance Repair Programme 
Maintenance works that are identified for repair are 
issued to LPC as recommended work instructions. 
Each work instruction provides a rationale for why 
the works are recommended, a priority rating and a 
recommended repair time frame for completing the 
works to avoid future disruption to operations. 
 
The work instruction includes the location and 
specific details on the repair. WSP have developed 
a series of standard repairs, some of which are 
shown in Figure 9. In some locations, specific 
repairs are recommended as the repair requires 
additional measures different to standard repairs. 

The focus during the development of specific 
repairs are: 
• Future proofing. 
• Ease of install. 
• Safety in design. 
• All stages of the lifecycle. 

o Design. 
o Construction and fabrication. 
o Installation. 
o Operation. 
o Maintenance. 
o Decommissioning. 

 

 
Figure 9   Example of standard repairs to capping beams 
(upper left), stringer beams (lower left) and piles (right). 

Future proofing is the process of minimising the 
anticipated risk of repeating repairs. From long term 
knowledge of the structures, repairs are typically 
matched to the element’s original capacity, which 
allows for possible future increases in LOS. Repairs 
are also detailed to not adversely affect the 
installation of future adjacent repairs. 
 
Safety in design over the full life cycle of the repair 
is required on repair works. WSP engineers work 
with the LPC Infrastructure Services team to 
develop specific repairs. This collaboration ensures 
the repair solution is safe and user friendly to install. 
 
Each repair strategy has a certain expected 
extension of life to the structural member. The 
structure’s global life expectancy and use 
determines the type and level of repair. Repairs may 
be required on the same member over its lifetime to 
maintain operational continuity. Therefore, repaired 
items are still visually inspected to ensure they are 
fit for purpose. 
 
Once a repair has been completed the defect and 
repair records are updated to maintain current 
knowledge of the structural capacity of the asset. 
This is to help with the ongoing management of the 
structure and ensure there is no local overloading of 
structural members. 
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9. Maintenance Budgeting 
LPC are constantly reassessing the use/trades on 
each asset, as a result of condition or changes in 
trade. Near the end of the financial year, WSP work 
closely with LPC to quantify the maintenance 
budget required for the next financial year. This is 
completed using the outputs from the annual asset 
management process, which identifies the 
recommended repairs and estimated cost in the 
next financial year. 
 
A risk-based approach can sometimes be required 
to assess which repairs need to be completed and 
what works can be deferred to future financial years. 
Lastly a sensitivity check is completed on the works 
prioritised for the next financial year to confirm the 
workload is achievable whilst optimising cost and 
maximising operational continuity. 
 
10. Client Perspective 
LPC has a big focus on the health and safety of all 
personnel and port users. LPC has high 
expectations of the WSP inspection process against 
set H&S obligations. By being embedded, WSP 
engineers understand the structures and the 
operational requirements. Once a hazard or risk is 
identified WSP and LPC work together to focus on 
elimination and mitigation via detailed H&S 
documentation that are reviewed by LPC. The 
collaboration provides a safe procedure to carry out 
detailed inspections on site while meeting the 
obligations held by LPC. 
 
Port users with larger loading demands than the 
recommended LOS (i.e. overweight or crane 
operations) are handled collaboratively by LPC and 
WSP via the crane and overweight permit system. 
The crane permits are an administration control for 
the operator to apply higher loadings in specific 
locations, to avoid overloading structural members 
and allow repairs to occur while maintaining 
operational continuity. A bespoke crane operation 
involving three cranes operating in close proximity 
on an inner harbour structure is shown in Figure 10. 
 

 
Figure 10   Crane lifting operation on inner harbour 
structure (Source: T Williams, LPC). 

Whanaungatanga or building strong relationships is 
an important value at LPC. The collaboration 
between LPC and WSP has grown over the years, 
working towards the goal of providing infrastructure 
for the future. The goal of having infrastructure for 
the future is about providing the right infrastructure 
at the right time and at the right cost to deliver 
sustained profitability and growth for LPC [2].  
 
Currently the right infrastructure at the right time is 
about looking after the existing port infrastructure 
via an asset management system. This is done by 
working together to develop repair strategies that 
can extend the life of the structure beyond its 
original design life, while still maintaining 
operational continuity. Extending the life of existing 
structures via the asset maintenance program 
offsets the need for large capital expenditure to 
meet the new developments in vessel and 
operational loadings. 
 
At the same time as looking after the current fleet of 
infrastructure, LPC are also in the process of 
growing its container terminal to meet the ever-
increasing trade demand to the Canterbury region. 
 
11. Conclusion 
LPC and WSP have formed a strong partnership or 
whanaungatanga over the last 20+ years. Extensive 
knowledge of the structures and collaboration 
together have developed safe and robust solutions 
to extend the life of existing structures and improve 
the operational efficiency at LPC. 
 
Asset maintenance planning is a fundamental part 
of providing infrastructure for the future at LPC. 
Firsthand knowledge of the structures, a deep 
understanding of the operations by experienced 
engineers, together with an asset management 
programme is crucial for keeping structures open 
and operating without restrictions. 
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Abstract 

Ports across the world utilise a wide variety of methods when producing sailing schedules for inbound and 
outbound vessel transits in order to best maximize safety, throughput, and efficiency. The task of producing 
and updating sailing schedules is usually done manually by a human such as a Vessel Traffic Services Officer 
(VTSO), using various tools including whiteboards, spreadsheets, and computer programs. 

Regardless of the method used, the VTSOs must give careful consideration to port protocols, vessel movement 
guidelines, passage plans and terminal requests which can, and often do, conflict with each other. Changes 
in the environmental conditions at a port may also necessitate a re-evaluation of existing schedules. As such, 
the production of optimal sailing schedules can be difficult and time consuming for even the most experienced 
schedulers. 

Assistance for the port operators can be provided by creating the schedules from mathematical optimisation 
problems, accounting for environmental conditions and terminal requirements while strictly adhering to port 
priority protocols. This paper discusses the semi-automation of port-specific optimal schedules for Port 
Hedland, the largest bulk export port in the world with up to 9 tidally constrained vessels departing on a tide. 
This case study demonstrates the potential benefits that the resulting optimised scheduling can provide. 
 
Keywords: optimisation, scheduling, throughput, ports and marine facilities, navigation. 
 
1. Introduction 
1.1 Port Scheduling 
Critical to the efficient running of any port, sailing 
schedules are used to provide port operators and 
other key stakeholders with information on when 
vessels are sailing and at what draft. While the 
creation of these is relatively simple when dealing 
with single vessels, when multiple vessels wish to 
enter or depart a draft-constrained port 
simultaneously it becomes a more difficult problem 
to optimise. Careful consideration must be given to 
ensure that port safety is maintained while vessels’ 
drafts, and port throughput, are maximised.  
 
To create these complex sailing schedules, large 
ports will often employ dedicated schedulers who 
specialise in this field. As part of their role, they use 
a variety of tools to assist in creating the schedules, 
primarily whiteboards and spreadsheets to assist in 
ordering vessels and keeping track of constraints. 
Unfortunately, this manual creation method may 
generate sub-optimal schedules and allows for the 
potential to make mistakes in applying the port 
procedures.  
 
To eliminate these risks and simultaneously reduce 
manual effort, technology can be used by the 
schedulers to assist them in determining the 
optimum sailing order, which will ensure port 
procedures are followed while each vessel is 
assigned its optimal sailing draft. To assist Port 
Hedland in producing sailing schedules, OMC 
International (OMC) has redesigned the DUKC® 

Optimiser (Optimiser) scheduling assistance tool, 
making use of new concepts and improved 
technology. This paper explains how Optimiser 
works to consistently produce optimal schedules 
and summarises the results of the evaluation by 
Port Hedland. 
 
1.2 DUKC®  
One of the most important constraints to consider 
when scheduling a vessel is to ensure it has 
sufficient Under-Keel Clearance (UKC) for the 
entirety of the transit. UKC is defined as the amount 
of water between a vessel’s keel and the bottom of 
the channel and is directly linked to the vessel’s 
draft, which is the distance between the vessel’s 
keel and the waterline. Accurate modelling of UKC 
at draft restricted ports is essential in order to 
ensure navigational safety, while also allowing more 
cargo to be loaded within UKC constraints. 
 
UKC has been traditionally managed using a static 
rule, where the motions of the vessel underway are 
largely ignored and covered by a conservative UKC 
limit. Previous studies have found that this approach 
is overly conservative in most conditions and yet 
runs the risk of grounding in extreme conditions [6]. 
UKC management is improved using scientifically 
based tools, such as OMC’s Dynamic Under-Keel 
Clearance (DUKC®) system. The DUKC® 
determines the expected range of vessel motions 
for the predicted conditions, providing a more 
accurate understanding of the true UKC. A 
simplified version of the core DUKC® calculation is 
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provided as Equation 1, which is made up of the 
following components (shown in Figure 1) that are 
time (t) or time and velocity (v) dependent: 

• Tide [T(t)]: the measured or forecast tidal 
height. 

• Channel Depth [D(t)]: depth of water at 
intervals along the channel. 

• Vessel Draft [d]: proposed sailing draft of 
the vessel. 

• Squat [s(t,v)]: downwards displacement of 
the vessel caused by the flow of water 
around the hull. 

• Heel [h(t,v)]: a lateral inclination of the 
vessel caused by an external force, such 
as wind or inertia around a turn. 

• Wave Response [w(t,v)]: the vertical 
component of motion resulting from 
waves impacting the vessel. 

𝑈𝑈𝑈𝑈𝑈𝑈(𝑡𝑡, 𝑣𝑣) =  𝑇𝑇(𝑡𝑡) + 𝐷𝐷(𝑡𝑡) − (𝑑𝑑 + 𝑠𝑠(𝑡𝑡, 𝑣𝑣) +
ℎ(𝑡𝑡, 𝑣𝑣) + 𝑤𝑤(𝑡𝑡, 𝑣𝑣))  (1) 

 

 
Figure 1: Components of Under-Keel Clearance 

The DUKC® system also has the ability to include 
other sailing constraints impacting a vessel, such as 
restrictions on sailing on ebb or flood tides. Once 
these are considered, the DUKC® allows for the 
sailing draft of vessels to be maximised, albeit on an 
individual basis. In order to schedule multiple 

vessels, who may all wish to sail at the same time, 
DUKC® results must be collated and considered as 
a group. 
 
1.3 Port Hedland 
Port Hedland, located in Western Australia’s Pilbara 
region and managed by the Pilbara Ports Authority 
(PPA), is the largest bulk export port in the world, 
achieving a total annual throughput of 538.2 Mt in 
FY2019/20 [7]. The port currently has 19 
operational berths, split between multiple 
proponents (shown in Figure 2), all of whom wish to 
maximise their throughput. The primary export of 
Port Hedland is iron ore, with vessels typically laden 
to 17.5m-18.5m. Depending on the particulars of a 
vessel, each extra centimetre of draft will give an 
additional 120-140 tonnes of cargo, which equates 
to US $24,000-$28,000 (prices as of June 2021). As 
such, any additional draft can quickly add up to 
significant amounts of extra cargo for shippers. A 
tidal range in excess of 6m is experienced, which is 
a significant factor in determining the UKC for 
departing deep draft vessels, of which there are 
generally 4 to 8 per tide. To assist in providing 
sailing advice for these vessels, Port Hedland has 
been using a DUKC® system since 1995. 
 

 
Figure 2: Map of Port Hedland, highlighting the division of 
berths. Red berths are managed by BHP, blue by FMG, 
purple by Roy Hill, and green by PPA. The Hunt Point 
waypoint is marked by a black dot. 

 
PPA employs dedicated Vessel Traffic Services 
Officers (VTSOs) to provide impartial vessel 
scheduling services for the entire port. These 
schedules are based upon several factors, with the 
key ones being a vessel’s port allocated Departure 
Priority Number (DPN) (1 being the highest priority), 
and the requested departure drafts and any 
preferences for sailing times (earlier or later on the 
tide), specified by the shipping terminals. Vessels 
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with a lower priority DPN should only be assigned 
more draft than those with a higher priority if doing 
so does not impact the assigned draft of a higher 
priority vessel. 
 
The VTSOs assign each vessel a 15 minute sailing 
slot, trying to meet the DPN requirements and 
requested drafts while ensuring the port User 
Guidelines and Procedures [8] and Vessel 
Movement Protocols [9] are followed. They take 
particular care to ensure that: 

• Each vessel has a valid DUKC® sailing 
window for the entire sailing slot (which 
already accounts for all scheduling 
constraints applicable to just that vessel), 
and 

• There is a minimum of 30 minutes between 
vessels clearing Hunt Point, the entrance to 
the harbour (shown in Figure 2). 

 
Additional resource constraints such as tug and 
Marine Pilot availability are also considered, 
however there is generally sufficient capacity in 
these to ensure that scheduling is not impacted. 
Once an initial schedule is created, the VTSOs will 
consider change requests for sailing time 
preferences and attempt to rearrange if possible, 
but only if doing so means no other vessels suffer a 
loss of draft as a result.  
 
A shipping program is released by the VTSOs daily, 
covering the 3 high water periods to the end of the 
next day. Depending on the number of vessels 
departing, these programs usually take around 1.5-
2 hours to create, once the terminals have provided 
their requested drafts. Refinements to these 
programs are made when additional information 
becomes available, such as an update to the 
requested draft for a vessel or changing 
environmental conditions (which may result in 
changes to DUKC® sailing windows). Non deep-
draft departing vessels and inbound vessels are not 
tidally restricted and are generally scheduled over 
the low waters in the shipping program. 
 
Prior work was undertaken by OMC in the early 
2010’s to provide an assistance tool to PPA for 
creating these schedules [5]. While this tool showed 
promise and was actively used for a period of time, 
its performance was limited by the available 
computing resources and the chosen optimisation 
model. By taking inspiration from this initial tool and 
implementing these ideas with the technological 
improvements of the last decade, OMC has 
developed a new version of its Optimiser product. 
 
2. Optimisation Model 
Mathematical programming (also known as 
mathematical optimisation) is a field of mathematics 
focused on finding the input values that give the 
optimal solution to a given function. Newton 

proposed methods to solve these problems in the 
1600s, but the field failed to see much use until 
World War 2, which saw it further developed to 
reduce logistics costs [3]. This research was 
declassified after the war, with modern methods for 
solving these problems descending from this. 
 
There are a large number of subfields within 
mathematical programming. In our research, the 
scheduling problem has been chosen to be solved 
using Mixed Integer Linear Programming (MILP). 
While this imposes some limits on how the problem 
can be modelled, in particular everything must be 
represented in terms of linear equations, it is one of 
the more well-known subfields, with multiple options 
for solving these problems. 
 
The general format of a MILP problem is: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑠𝑠𝑀𝑀 𝑐𝑐𝑇𝑇𝑥𝑥  (2) 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑀𝑀𝑐𝑐𝑡𝑡 𝑡𝑡𝑡𝑡   
𝐴𝐴𝑥𝑥 ≤ 𝑆𝑆  (3) 
𝑥𝑥 ∈  ℤ ∪  ℝ  (4) 

 
where A (2D matrix), b and c (1D vectors) are known 
parameters, and x (1D vector) contains the 
variables representing the decisions to be made. 
Equation 2 is the objective function representing 
what we are trying to optimise, while equation 3 
represents the constraints that are imposed in the 
problem. Both of these expressions must be linear 
in terms of x. Equation 4 places further restrictions 
on x, allowing some values to take any decimal 
value, while restricting others to purely integer 
values. This is essential as it allows the creation of 
binary variables that can represent yes/no 
decisions. 
 
For this port scheduling problem, known parameters 
include: 

• The vessels to be scheduled on the high 
water, 

• Their DUKC® windows and transit timings, 
and 

• Their DPNs, requested drafts and sailing 
time preferences. 

 
The decision variables include: 

• Binary variables representing if each vessel 
sails or not, 

• Real variables representing the time that 
each vessel commences sailing, and 

• Real variables for the draft that each vessel 
sails at. 

 
In order to model the port procedures, the 
constraints include equations representing the 
following: 

• Each vessel can only sail once, 
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• Vessels can only sail at a specific draft if it 
has a sailing window and adheres to the 
port’s Vessel Movement Guidelines, 

• There must be sufficient time left between 
the departure of each vessel, so that the 
required separation within the channel is 
maintained, and 

• Assigned drafts follow DPN orderings.  
 
Finally, the objective function is created to maximise 
the sum of the sailed vessel drafts. Additionally, we 
want to minimise the total time of the schedule and, 
if this is a refinement to an existing schedule, 
minimise any differences to the previous result.  
 
Once the mathematical formulation of a MILP 
problem has been defined, it is solved by sending it 
to a solver program to find the desired optimum 
result and return the variables that comprise it. 
There are a large number of solvers available, both 
open source and commercial, with performance 
generally increasing with licensing costs [1]. 
 
3. Implementation 
To implement this new version of Optimiser, the 
programming language Julia was chosen. Julia is a 
general purpose language that was first released in 
2012 with the goal of being as feature rich for data 
analysis in math and engineering applications as 
Python or MATLAB, while achieving performance 
on par with C or Fortran [2]. In particular we are 
using the Julia package JuMP, which provides a 
solver independent modelling language to easily 
create MILP problems, which can then be sent to 
interchangeable solvers [4]. 
 
Using Julia and JuMP, Optimiser creates a MILP 
formulation for our scheduling problem, interacting 
with the DUKC® to retrieve passage plan details. 
The optimisation problem is created in a modular 
fashion, allowing for updates to the modelling to be 
easily made in the future and for the modelling 
methods to be easily applied to additional ports. 
Optimiser has been designed to be flexible with its 
inputs, allowing the potential for other sources of 
passage plans to be used, such as static UKC 
systems. However, integration with the DUKC® will 
produce best results, as this provides optimised 
passage plans for each individual vessel.  
 
Optimiser is accessed through an API to allow for 
integration with other systems. Through this API, 
the DUKC® provides an extension to its user 
interface for Optimiser. The current workflow for 
using Optimiser is as follows: 

1. User creates a passage plan in the DUKC® 
for each vessel to be scheduled, covering 
the desired high water. 

2. User creates an Optimiser plan for the high 
water, selecting the vessels to be 

scheduled and specifying other required 
information (requested drafts, DPNs, etc.). 

3. Optimiser creates the MILP problem to be 
solved, retrieving data from other systems 
as needed (such as passage plan results 
from the DUKC®). 

4. The MILP problem is sent to the solver, 
which performs the optimisation and returns 
the inputs that give the optimal result. 

5. The optimal schedule created from the 
results is displayed in the DUKC®. 

 
Due to the possible complexity of MILP problems, 
the time it takes to solve them can be difficult to 
predict. In general, adding additional decision 
variables will increase the time it takes to solve, as 
more potential solutions are added. Conversely, 
adding more constraints will limit the variables 
search space which reduces the number of potential 
solutions and thus solving time. For this 
implementation with typical scheduling of 4-8 
vessels on a single high water, Optimiser generally 
provides a solution in under a minute. The entire 
workflow takes approximately 10 minutes per high 
water, from users entering the inputs to viewing the 
results. 
 
4. Results and Discussions 
4.1 Summary 
The current version of Optimiser was released to 
the Port Hedland VTSOs for testing and evaluation 
in early March 2021. The VTSOs created Optimiser 
schedules for selected high waters to June 2021 in 
parallel with generating their manually created 
schedules for comparison. The summary of the 27 
schedules that were deemed to be directly 
comparable (having the same input vessels, DPN’s, 
requested drafts and matching in time) is shown in 
Table 1. 
Table 1: Summary of valid comparisons between 27 
sailing schedules, created for high waters from March 
2021 to June 2021. 

Comparison Result Occurrences 
Optimiser gave a more optimal 
schedule. 

1 

Matching drafts.  
Sailing order may have been 
changed. 

 
11 

Differences due to environmental 
conditions. 

7 

Optimiser gives more draft, due to 
deliberate cuts in VTSO schedule. 

8 

 
These comparisons show that when Optimiser and 
VTSO schedules are produced with the same 
passage plan data, the schedules that are created 
by Optimiser are either more optimal or equivalent 
in terms of total draft sailed. If possible, Optimiser 
also reordered vessels to minimise the total duration 
of the schedule. A case study of one of these 
comparisons is shown in detail in Section 4.2. 
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In the 7 comparisons where the schedules were 
created several hours apart, minor differences were 
observed in the Optimiser and VTSO scheduled 
drafts. Investigation showed there were differences 
in the DUKC® sailing windows available when each 
schedule was created, due to updates to the tide 
and wave forecasts.  
 
In the remaining 8 comparisons that were 
performed the results showed that Optimiser 
produced schedules with more total draft, possibly 
up to several metres. However, closer inspection of 
these differences showed that all of the VTSO 
schedules were created at least 5 hours after the 
Optimiser equivalents, with at least 1 vessel being 
scheduled to sail with a draft less than the 
requested. These schedules were determined to 
have been created using newer, lower requested 
drafts provided to the VTSOs from the shipping 
terminals, possibly to allow the vessel in question to 
sail at a requested time earlier or later on the tide. 
This updated information was not included on the 
schedules. If Optimiser had been run with the lower 
requested drafts, the schedules are expected to 
have matched. 
 
4.2 Schedule Comparison 
In the collated schedules, there was one specific 
high water where Optimiser was able to find a more 
optimal sailing order. This comparison (see Table 2) 
shows that Optimiser was able to increase the total 
draft by 0.41m. In addition, it was also able to 
reduce the total time of the schedule by 30 minutes. 
Optimiser has achieved this increase in draft and 
reduction in time by adjusting the sailing times for 
most of the vessels, with the major change being to 
move Vessel B to the back of the schedule and 
Vessel G to the front.  
 
In this example, the VTSOs achieved a sub-optimal 
schedule as they were unable to find the sailing 
order combination that Optimiser chose. This is 
understandable given the extent of the problem, 
with there being 5,040 permutations for the sailing 
order of 7 vessels. This complexity is increased by 
the port procedures which impose further 

constraints, all of which impact on each other and 
so must be considered simultaneously. 
 
4.2.1 DPN Constraint 
The DPN constraint requires that vessels with a 
lower priority are only allocated sailing draft once all 
higher priority vessels have been assigned their 
desired draft. This is most easily enforced by 
allocating sailing drafts so that they decrease as 
DPNs increase, as was done in the VTSO schedule 
(with the exception of Vessel A, DPN 6, which 
requested a much lower draft than it could have 
received). Optimiser uses this as a starting point 
and then refines the schedule further, giving lower 
priority vessels more draft where possible.  
In this scenario, Optimiser scheduled Vessel E (with 
DPN 3) with more draft than the higher priority 
Vessel D (DPN 2) since Vessel D had already 
reached the maximum draft of 18m for its sailing 
window.  
 
4.2.2 Clearance at Hunt Point Constraint 
While at first glance the intervals between sailing 
times may seem random, these values are chosen 
to ensure that consecutive vessels leave a gap of at 
least 30 minutes when clearing the mouth of the 
harbour at Hunt Point. As Port Hedland covers a 
large area, with each berth at a different distance 
from Hunt Point, this is not an easy constraint for a 
human to implement when manually creating a 
schedule. To assist with this, PPA provide a table 
informing the minimum time that must pass between 
consecutive vessels departing from specific berths 
to provide the required separation at Hunt Point. 
Table 3 shows this for the subset of berths in the 
schedule shown in Table 2.  
Note that in both schedules there is an extra gap 
between Vessel A, which sails first, and the second 
vessel. This is due to Vessel A requesting to sail at 
01:00, which was permitted as it did not impact the 
draft of any other vessel. 
 
By reordering the vessels, Optimiser was able to 
find a schedule where these intervals between 
vessels could be minimised, which is how it was 
able to reduce the schedule time by 30 minutes. 

Table 2: Comparison of schedules for a high water where Optimiser was able to find a more optimal sailing order. 
Sailing order is shown in brackets in the Sailing Time columns. Vessels that have been scheduled by Optimiser to get 
more draft have been shaded. 

Vessel Origin DPN Requested 
Draft [m] 

VTSO 
Draft [m] 

VTSO 
Sailing Time 

Optimiser 
Draft [m] 

Optimiser 
Sailing Time 

A PH4 6 14.47 14.47 01:00 (1) 14.47 01:00 (1) 
B AP5 4 18.30 17.92 02:15 (2) 17.97 (+0.05) 04:00 (6) 
C SP1 1 18.23 18.04 03:00 (3) 18.04 03:30 (5) 
D NPC 2 18.50 18.00 03:30 (4) 18.00 02:30 (3) 
E AP1 3 18.39 17.96 04:00 (5) 18.03 (+0.07) 03:00 (4) 
F FIB 5 18.82 17.86 04:45 (6) 17.86 04:45 (7) 
G NPD 7 18.32 17.68 05:15 (7) 17.97 (+0.29) 02:00 (2) 
TOTAL    121.93  122.34 (+0.41)  
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Table 3: Minimum intervals required between sailing 
times of outbound vessels at Port Hedland, to ensure 30 
minute separation at Hunt Point [8]. First vessel departs 
from the vertical berths, second vessel from the 
horizontal. Values are in minutes. 

 AP1 AP5 FIB NPC NPD PH4 SP1 
AP1  30 45 30 30 45 30 
AP5 45  45 30 30 45 30 
FIB 30 30  30 30 30 30 
NPC 30 30 45  30 45 30 
NPD 45 30 45 30  45 45 
PH4 30 15 30 15 15  30 
SP1 45 30 45 30 30 45  

 
4.2.3 Sailing Window Constraint 
The sailing window constraint requires all vessels to 
have a valid DUKC® sailing window when scheduled 
and for the following 15 minutes, ensuring they have 
sufficient UKC for the entire transit. Focusing on 
Vessel G, which had the largest increase in draft, 
the sailing windows of interest are: 

• 17.68m – 00:59 to 05:17 
• 17.69m – 01:00 to 05:14 
• 17.97m – 02:00 to 03:45 

 
4.2.4 Constraint Combination 
Considering the sailing windows for Vessel G, we 
can see there is potential for it to increase its draft if 
it is sailed earlier, though doing so will mean other 
vessels may have to be shifted. While doing so is 
possible, as shown by the Optimiser schedule, the 
other constraints still need to be satisfied for all 
vessels. Attempting to do this manually requires 
comparing multiple draft vs time graphs, all of which 
can change when environmental forecasts are 
updated. This is generally too time prohibitive for it 
to be performed, which leads to the occasional case 
where a sub-optimal schedule such as that in Table 
2 is created. 
 
4.3 Optimiser Performance 
The comparisons show that, provided it is run with 
up-to-date information, Optimiser produces 
schedules that match or improve upon those 
created manually by the VTSOs. With 1 sub-optimal 
plan found in 27 high water comparisons, this 
equates to 1 schedule that can be improved by 
Optimiser per fortnight. Applying this over a year 
and assuming similar draft improvements can be 
recognised, this would result in a cumulative sailing 
draft gain of 10.6m, allowing the export of an 
additional ~140,000 tonnes of iron ore. 
 
Additionally, Optimiser generates schedules in a far 
shorter time period compared to manual generation, 
taking around 10 minutes per high water. This 
results in a saving of 1+ hours a day of VTSO time 
when creating shipping programs covering 3 high 
waters, compared to existing practices at Port 
Hedland. In the potential event of changes to the 
port operational procedures, such as those 
associated with the construction of additional berths 

or alterations to the DPN system, these time 
savings are expected to be even greater, as while it 
may take some time for the VTSOs to become 
proficient in efficiently incorporating these changes 
to their schedules, Optimiser can be easily 
reprogrammed to account for the new constraints 
immediately. 
 
To date, Optimiser has been well received by the 
VTSOs at Port Hedland. The testing and evaluation 
of it has been deemed a success, with planning 
commencing for it to officially become part of their 
procedures and used to assist in creating the 
shipping schedules for all high waters. While the 
VTSOs will no longer need to manually generate the 
schedules, they will still be involved in the 
processes of review and approval, with the final 
decision to schedule vessels still resting with the 
VTSOs. 
 
5. Conclusions 
We have demonstrated the design and 
implementation of an innovative method of 
producing port sailing schedules, which match or 
improve upon those produced using traditional 
means in a fraction of the time. DUKC® Optimiser is 
a program that uses mathematical optimisation 
techniques to consistently produce optimal sailing 
schedules in an efficient manner. Optimiser also 
removes the variable human element from schedule 
generation, reducing the chances of producing sub-
optimal results or introducing scheduling errors. 
 
With the assistance of the Port Hedland VTSOs, 
Optimiser has been shown to consistently produce 
schedules that are either equivalent to, or more 
optimal than the corresponding manually created 
schedules. Despite this, the VTSO involvement in 
the scheduling process is still paramount since the 
stakes at play dictate that human operators must 
validate and accept responsibility for the schedules 
produced.  
 
In this case study, it has been shown that 
optimisation methods can dramatically increase the 
speed of producing and improve the optimality of 
sailing schedules. As a result of this validation of the 
new version of Optimiser, Port Hedland are 
intending to use it in an operational setting, to further 
cement the port’s ranking as the largest bulk export 
port in the world. 
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Abstract 
Considerable efforts are made, and resources expended within New Zealand’s public and private sectors to 
collect, manage and use marine geospatial information (MGI). MGI helps us understand our marine 
environment, supporting decision-making to ensure sustainable future economic growth and protection of our 
oceans for future generations. 
 
To maximise investments, facilitate national collaboration and leverage opportunities, stakeholders with wide 
marine related interests established the New Zealand Marine Geospatial Information Working Group (NZMGI-
WG) in 2019. The NZMGI work programme relies on best practice that applies FAIR (Findable, Accessible, 
Interoperable and Reusable) data principles to MGI so that key marine geospatial datasets are accessible, 
freely available, and easily reusable. 
 
Outcomes from this joint endeavour include the completion and publication of six marine geospatial inventories 
by central and local government organisations. Guiding material has been published to promote standardised 
inventories and facilitate the stocktake processes for future organisations. A marine portal study supports data 
accessibility, and stakeholder engagements identify opportunities to collaborate and support innovative 
projects. 
 
Our objective is to inform maritime industries on the benefits of the NZMGI work programme. It is an opportunity 
to expand collaboration across the entire marine sector, so that the right information and science underpin 
policies and actions that protect New Zealand ocean, support responsible management of marine resources 
and sustainable future economic growth. 
 
Keywords: marine geospatial information, data reuse, collaboration, opportunities. 
 
1. A collaborative initiative 
 
New Zealand’s Exclusive Economic Zone (EEZ) is 
over 4 million km², 14 times larger than our land 
area. New Zealand’s marine environment is 
regarded as a taonga. It is of significant cultural, 
recreational and economic value to New 
Zealanders. Marine Geospatial Information (MGI) 
underpins most of marine activities, including safety 
of navigation, protection of the marine environment, 
coastal infrastructure development and coastal 
zone management. Despite the recognised value of 
MGI [1,2], there is still a lack of data covering our 
oceans. 
 
Toitū Te Whenua – Land Information New Zealand 
(LINZ) is the government agency responsible for 
acquiring quality bathymetry to produce nautical 
charts for safe navigation in New Zealand waters. 
Navigation data is typically captured via 
hydrographic surveys. The wealth of information 
captured during these surveys extends beyond 
supporting safety of navigation and can benefit a 
range of activities that also drive New Zealand Blue 
Economy. MGI can contribute to better decision 
making in sectors like environmental monitoring, 
scientific research, resource management and 
exploration. 
 
LINZ estimates that 57% of New Zealand EEZ still 
needs to be mapped to modern standards (Caie 
pers. comm., 2021). This paucity of information is 
not only a challenge for navigational charting, but it 

represents missed economic opportunities. It also 
prevents our communities to fully prepare for 
challenges such as coastal inundation or mitigate 
for impacts from climate change (see “Supporting 
Aotearoa’s Coastal Resilience”). 
 
To increase our knowledge and maximise the 
benefits of MGI for all New Zealanders, 
collaboration across the marine geospatial 
community is crucial. LINZ initiated the creation of 
the New Zealand Marine Geospatial Information 
Working Group (NZMGI-WG) in 2019 [2] to facilitate 
national collaboration and provide opportunities to 
grow the value of MGI investments. The principle 
that NZMGI-WG follows is to collect data once and 
use it many times (Figure 1). 
 

 
Figure 1 Key marine geospatial datasets need to be freely 
available and reusable to address key challenges and 
support better decision making. Collaboration between 
stakeholders across the marine sector is essential to 
improve access to and reuse of marine geospatial data. 
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The NZMGI-WG represents wide marine related 
interests. It is made of over 150 members from 
across 60 organisations from central and local 
government, Māori / Iwi, Crown Research Institutes, 
universities, charity and community groups, and 
private sector companies. A Steering Group 
provides direction to the NZMGI-WG, coordinates 
their activities, and oversees the development and 
implementation of the national MGI work 
programme [3]. 
 
2. Outcomes for FAIR marine data 
 
The NZMGI-WG developed a work programme and 
road map (Figure 2) that focus on jointly 
coordinating and leveraging efforts and resources 
for data collection, management and distribution. 
 
Specifically, the work programme consists of 
prioritised projects that have the following goals: 
- high-value/significant marine geospatial data is 

freely and timely available, 
- data applications and uses are widely 

communicated, 
- future marine data capture is transparent to 

reduce duplication of collection and leverage 
opportunities for partnerships, 

- apply the FAIR Data Principles [4] to make MGI 
findable, accessible, interoperable and reusable. 

 
By adopting FAIR Data Principles, the NZMGI-WG 
commits to: 
- making MGI findable by: 

• establishing a national marine geospatial 
inventory to improve discovery of marine 
geospatial data, 

• publishing the national inventory so that 
marine geospatial data is easily findable by 
others, 

 
- increasing MGI accessibility via investigating 

national and international marine portals to 
facilitate data publication and reuse, 
 

- improving interoperability by agreeing and 
promoting standards, formats, vocabulary and 
creating guidelines that enable data discovery, 
accessibility and reuse, 

 
- supporting data reusability by raising awareness 

across the wider sector on the value and potential 
uses of MGI. 

 
It is crucial that the NZMGI work programme aligns 
with international initiatives so that opportunities can 
be leveraged nationally and internationally. By 
creating a community of best practice that applies 
FAIR principles to MGI, the NZMGI-WG ensures 
that New Zealand marine geospatial data follows 
the United Nations (UN) initiative on Global 
Geospatial Information Management (UN-GGIM). It 
also ensures that data is compatible and 
interoperable with national and international 
systems according to the Open Geospatial 
Consortium specifications. By increasing MGI 
visibility and supporting data reuse, the NZMGI 
work programme fully supports actions to 
sustainably manage the oceans and achieve the 
2030 Agenda for Sustainable Development, in line 
with the United Nations Decade of Ocean Science 
for Sustainable Development and the International 
Hydrographic Office recommendations [5]. 
 
3. The NZMGI work programme outcomes 
 
The greatest benefit of the NZMGI-WG to New 
Zealanders comes from ensuring maximum use of 
marine geospatial data by applying FAIR Data 
Principles.  
 
3.1. NZMGI is findable 
NZMGI is collected by various public and private 
organisations. Knowing what data exists is the first 
step to provide access to data, facilitate its reuse 
and increase the value of marine geospatial 
investments. In 2019 the NZMGI-WG agreed a 
national MGI Inventory was a first step towards 
improving the discovery of NZMGI. 
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Figure 2 The NZMGI road map between 2020 and 2022. The work programme aligns with the FAIR Data Principles. 
Outcomes and deliverables aim to increase discovery, access, and reuse of NZMGI. 
 
 
3.1.1 NZMGI Stocktake Initial Phase 
An initial phase of the National MGI stocktake saw 
seven organisations complete internal MGI 
stocktakes. Organisations were supported by 
Statistics New Zealand under the Open Data 
Programme and were assisted by external 
consultants. Participating organisations included 
government organisations, territorial authorities, 
and a CRI (Table 1). The MGI inventories were 
published online and are discoverable through 
catalogue.data.govt.nz (Table 1).  
 
Table 1 List of organisations that completed marine 
geospatial stocktakes during Phase 1 and published their 
inventories on catalogue.data.govt.nz. Note: At the time 
of this publication, NIWA had not yet completed and 
published their inventory. 

Organisations Catalogue access 
Department of 
Conservation 

https://catalogue.data.govt.nz/da
taset/doc-marine-geospatial-
inventory1 

LINZ https://catalogue.data.govt.nz/da
taset/linz-marine-geospatial-
inventory 

Ministry for 
Primary Industries 

https://catalogue.data.govt.nz/da
taset/mpi-marine-geospatial-
inventory 

Environment 
Southland 
Regional Council 

https://catalogue.data.govt.nz/da
taset/environment-southland-s-
marine-data-inventory 

Greater 
Wellington 
Regional Council 

https://catalogue.data.govt.nz/da
taset/data-inventory 

Hawke’s Bay 
Regional Council 

https://catalogue.data.govt.nz/da
taset/hawke-s-bay-regional-
council-marine-and-coastal-
data-inventory 

 
3.1.2. Future NZMGI Stocktakes 
The initial phase of the stocktake identified 
complexities in the process and highlighted not all 
MGI stocktakes are comparable. The learnings from 
this phase were used to develop supporting material 
to enable other organisations to contribute to the 
stocktake in the future. 
 
3.2. NZMGI is accessible 
The volume and variety of data collected by 
organisations is expanding. The NZMGI-WG has 
been leading a data portal investigation to inform 
data custodians what platforms can support MGI 
discovery and accessibility. The investigation also 
supports end-users understand where they can 
access marine data.  
The marine portal study includes: 

- Te Kete Kōrero a Te Takutai Moana 
- AusSeaBed 
- Petlab 
- LAWA 
- Ira Moana 
- New Zealand Petroleum Basin Explorer 
- E Tūhura - Explore Zealandia 
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- LINZ Data Service 
- IHO Data Centre for Digital Bathymetry 
- NZODN 

 
3.3. NZMGI is interoperable 
A critical step to facilitating discovery and access of 
MGI is to agree on metadata standards. The 
creation of guidelines by the NZMGI-WG on the 
content, structure and formats of metadata 
describing NZMGI will ensure that NZMGI 
inventories are published in a consistent way. 
 
3.4. NZMGI is reusable 
The greatest benefit from sharing information 
comes from ensuring maximum use of marine 
geospatial data. The NZMGI is committed to raising 
awareness of the value of MGI and its potential uses 
through engagement material, webinars and 
conferences. A webpage was also created to 
provide access to all resources related to the MGI 
work programme [6].  
 
4. Opportunities and success stories 
 
Today bathymetry collected during hydrographic 
surveys supports inundation modelling and 
improved tsunami response in coastal areas 
vulnerable to erosion and flooding (Figure 3). 
Seabed topography and sediments data contribute 
to marine protection and conservation planning by 
improving habitat prediction and validating new 
seafloor community classifications. MGI also helps 
decision-makers and councils ensure coastal 
development such as seawalls, moorings or marine 

farms are planned in a way that mitigate 
anthropogenic impact on the marine environment 
and ensure sustainable management of coastal 
areas.  
 
Members of the NZMGI-WG continuously 
demonstrate that reuse of data and collaboration 
translate in innovation and provide more 
opportunities to protect our marine environment and 
support New Zealand Blue Economy. 
 
4.1. Broadscale wave and hydrodynamic model 
Councils, ports and marinas and other private 
businesses often rely on hydrodynamic and wave 
models for marine coastal planning and 
infrastructure development. These models are 
typically commissioned for individual projects, 
meaning they can be spatially and temporally 
specific. They can also rely on data collected for a 
particular project. This results in significant costs for 
customers and duplication of effort by consultant 
agencies. 
 
By combining bathymetry for the Northland regional 
waters, eCoast created a long term (40 year) 
calibrated coupled model that can be used for a 
range of applications. They used comprehensive 
high density bathymetric datasets that LINZ initially 
collected for charting purposes. The characteristic 
of the data enables the model to be easily refined 
for any area within the Northland region. The model 
has already been successfully used in projects 
related to coastal inundation and dispersion of 
pollutants.  

Figure 3: The marine environment supports a range of recreational and economic activities, supporting millions of jobs and 
adding 7NZD billion to the New Zealand economy in 2017. Sharing information and encouraging data reuse create 
synergies that are essential to addressing ocean challenges, fostering long-term growth and preserving the health of 
marine and coastal ecosystems.
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4.2. Simulating particle drifting trajectory 
Commercial pressure driving down costs means 
that ports and harbours are visited by increasingly 
larger vessels, reducing tolerance for shipping 
incident yet increasing environmental risks. To 
mitigate impacts of shipping operations, MGI can be 
used to predict the dispersion and trajectory of 
particles in the event of maritime disasters like oil 
spill. Models and forecasting tools can also be 
applied to simulate the drifting trajectory of vessels 
and personnel in search and rescue operations. 
 
MetOcean Solutions is currently working on 
delivering accurate drifting particle tracking models 
that can be used for real time search and rescue 
operations and to support pollution event operations 
more efficiently. They rely on hydrodynamic 
datasets, composed of real- or near real-time wind, 
wave induced current and tidal information. Models 
are computed using high-speed systems and a 
flexible grid resolution, that accounts for complex 
oceanographic conditions in coastal shallow 
environments. 
 
4.3. Supporting sustainable maritime activities 
Understanding impact of maritime activities on the 
seafloor is an emerging science enabled by new 
hydrographic technology such as the multibeam 
echosounder sounder. Following LINZ 
hydrographic survey in Queen Charlotte Sound 
(QCS), high resolution mapping efforts revealed 
maritime activities impact ~1.5% (6.4 km2) of the 
total seafloor area.  
 
The National Institute of Water and Atmospheric 
Research (NIWA) and the University of Auckland 
found that anchor drag related to high-tonnage 
vessels make up the largest (47.5%) physical 
human footprint observed in the QCS and can 
excavate the seafloor up to 0.5 m [7]. The study 
showed that repeated anchor drag can lead to a 
decline in benthic habitat and can potentially put 
seafloor infrastructure at risk. With the increasing 
trends in marine traffic, Marlborough District Council 
is now looking at solutions for managing high-
tonnage vessels to mitigate the impact of maritime 
activities on sensitive shallow marine area. 
 
4.4 Benefits of collaboration 
Data sharing often results in increased value for the 
data being reused and obvious gain in time and 
costs for end-users. However, data sharing can also 
benefit data suppliers, when partnerships translate 
in data being quality-checked, processed and/or 
maintained on their behalf. Loss of data is also a 
real risk to businesses. It often results in substantial 
delays to recover the information and expenses if 
data needs to be collected again. This can be 
mitigated when data is shared with others. 
 
Eastland Port benefited from such a collaboration. 
Before starting major dredging operations, the port 

needed information on hydrodynamics, 
sedimentology and current processes. MetOcean 
Solutions was able to provide the required data, that 
the port had collected in the late 1990’s and was still 
relevant to the scope of the work. This prevented 
substantial field deployment, avoided duplication of 
data collection, and resulted in significant financial 
and time savings for the port. 
 
5. Summary  
 
The New Zealand marine environment supports a 
range of marine activities that rely on accurate, 
timely available and freely accessible data. 
Collaboration between stakeholders across the 
marine sector is essential to improve access to and 
reuse of MGI. The NZMGI-WG facilitates national 
collaboration to grow the value of MGI investments 
via a national work programme that applies FAIR 
data principles to MGI. 
 
Policies and formal partnerships already exist 
between ports, harbours and LINZ for distribution of 
hydrographic information to maintain official nautical 
charts, products and services. Bespoke 
collaborations between organisations also provide 
opportunities to reuse collected data. To further 
maximise and benefit from marine geospatial 
investments, the NZMGI-WG encourages new 
organisations to join and progress the NZMGI work 
programme jointly. 
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Abstract 
Natural reef structures (coral or rocky) protect large portions of the world’s coastline from coastal flooding and 
erosion. Multi-function artificial reef structures can perform similarly as a nature-based solution to coastal 
protection while also offering many additional benefits over conventional engineering structures. Subcon and 
the University of Western Australia Coastal and Offshore Engineering Laboratory have physically modelled 
different layouts of 1:5.8 scaled porous Subcon Bombora reef modules in a 54 m long and 1.5 m wide wave 
flume. Wave induced heights and velocities were measured over a range of offshore wave conditions to 
quantify wave transmission across different reef configurations (varying water depths over the reef, reef widths, 
number of modules and module row spacing). From these results, non-dimensional ratios are used to quantify 
the performance of a given reef layout. These demonstrate a performance that is generally comparable to 
submerged rubble mound breakwaters. Finally, the spacing between module rows within artificial reefs is found 
to significantly influence the overall wave transmission.  
 
Keywords: Artificial Reefs, Working with Nature, Wave Transformation, Coastal Structures, Coastal Protection. 
 
 
1. Introduction 
Nearshore hydrodynamic and sediment transport 
processes can be strongly influenced by shallow 
reef structures that are efficient at attenuating wave 
energy prior to reaching a coastline. Natural reefs 
(coral or rocky) protect large portions of the world’s 
coastline from coastal flooding and erosion through 
attenuation. A meta-analysis of global reefs 
concluded that they reduce up to 97% of offshore 
wave energy that would otherwise reach reef-
fronted coastlines [5].  
 
Artificial reef structures can similarly have this 
capacity to protect coastlines while also delivering a 
variety of ecosystem services, thus having the 
capacity to offer additional benefits over 
conventional engineering structures (e.g. sea walls, 
breakwaters and revetments). Artificial reefs are 
commonly deployed in the coastal ocean to achieve 
a variety of objectives; for example, to enhance 
fisheries, promote marine biodiversity and for 
recreational uses such as diving and surfing [11]. 
When carefully designed to support the growth of 
marine flora and fauna (including reef-building 
species), artificial reefs could provide a foundation 
for self-sustaining coastal protection structures that 
further grow over time. 
 
As waves interact with a reef structure, incident 
wave energy can be reflected, dissipated by both 
breaking and drag forces, as well as transmitted. 
There is presently limited literature on 
characterising wave transformation, and specifically 
transmission, across complex porous artificial reef 
structure, which inhibits development of guidelines 

to design artificial reefs as a hybrid nature-based 
solution for coastal protection. 
 
Wave transmission across submerged rubble 
mound breakwaters is known to be influenced by 
properties of the waves as well as geometric 
parameters associated with the structure. These 
properties include the incident wave height (Hi), 
wave length (L), wave period (T), water depth (d), 
structure height (h), crest width of the structure (B), 
and the freeboard of the structure (Rc=h-d) (see 
Figure 1) [2,3,9,10,12]. A dimensional analysis 
using the parameters above defines four commonly 
investigated dimensionless groups which influence 
wave transmission: (i) relative free board (Rc/Hi), (ii) 
relative reef width (B/L), (iii) degree of submergence 
(d/h) and (iv) wave steepness (Hi/L). 
 
Analogous parametric studies have also assessed 
wave transmission across artificial reef modules, 
although these studies are more limited in number. 
An increase in wave steepness and relative reef 
crest width was found to reduce transmission in two 
independent studies; whereas an increase in 
relative freeboard and degree of submergence 
promoted transmission [1,2,6,9,10]. Unlike 
submerged rubble mound breakwaters, artificial 
reef modules are much more porous and complex 
in shape. Wave transmission across artificial reefs 
is therefore likely to depend on additional 
parameters of the structure (e.g. spacing between 
modules (S)).  
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For example, wave transmission across rows of 
abutting trapezoidal artificial reef modules was 
shown to decrease with the addition of more rows, 
changing the structural ratio of reef crest width B 
that was occupied by void space between rows [9].  
 
The objective of this study is to characterise the 
wave transmission properties for different layouts of 
artificial reef modules, contributing to the limited 
literature on wave transformation over artificial reefs 
as well as helping to develop stronger formulations 
to guide their general use as a nature-based 
solution to coastal protection. The Subcon Bombora 
artificial reef modules are commonly placed in 
different layouts to form artificial reefs that provide 
habitat for a variety of marine life. An experimental 
study was undertaken with the Bombora modules in 
the University of Western Australia (UWA) Coastal 
and Offshore Engineering Lab (COEL) wave flume 
in order to characterise their wave transmission 
properties.  
 
 

The influence of relative freeboard, wave 
steepness, degree of submergence and relative 
reef width on wave transmission was investigated 
and compared against existing data sets on both 
submerged breakwaters and different artificial reef 
modules.  
 
2. Experimental Procedure 
2.1 Testing Facility 
Experimental testing was conducted in the UWA 
COEL wave flume. The flume is 54 m long, 1.5 m 
wide and 1.6 m deep. The flume has two 4 m wide 
viewing windows, a porous 1:10 steel sloping beach 
and two independent wave makers: a piston and 
hinge wave maker located on opposite ends of the 
flume, that are optimised for shallow water and deep 
water wave applications respectively (Figure 1). The 
piston paddle was used for the tests conducted 
because it is better suited to the generation of 
waves in shallow water that are representative of 
coastal conditions. The piston wave maker is able 
to produce regular and irregular waves with periods 
1 - 5 s and wave heights of up to ~0.4 m depending 
on water depth. 
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Figure 1 Plan and sectional view of the experimental setup at the UWA COEL wave flume for module Layout 1 (see 
Section 2.4 for a description of the layouts tested). The order of the wave gauges is from right to left in sequential order. 
In the diagrams above, incident waves are propagating from right to left as shown. 
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Figure 2 Digital model (left) and scaled concrete models (right) of the Subcon Bombora modules that have a range of 
different shaped holes which influence the porosity of the structure. 

2.2 Scaling Criteria  
Froude scaling was adopted in the experimental 
testing program which ensures that the ratio of 
inertial forces to gravitational forces are in similitude 
in both the model and prototype [7]. Kinematic 
similitude has also been achieved by adopting an 
undistorted model and matching the ratio of a 
modules diameter to the orbital amplitude of fluid 
particles beneath a propagating wave. The 
relationships between the prototype and model 
wave properties with this scaling approach are: 
 

Hm=Hp/Ls (1) 
  

Tm=TpLs1/2 (2) 
  

where Ls is the ratio of the prototype to model length 
scale, H represents wave height, T the wave period 
and the subscripts ‘m’ and ‘p’ denote model and 
prototype, respectively. According to this scaling, 
the dimensions of the structure tested are then 
geometrically scaled with Ls. 
 
A focus of the present experimental program was 
the measurement of wave transmission through 
different layouts of Bombora reef modules. To 
model transmission reliably requires consideration 
of scale effects associated with local energy 
dissipation and viscous forces in the flow within the 
porous modules. It is well-known that similitude in 
the ratio of viscous to inertia forces cannot be strictly 
matched between the model and prototype in cases 
were the Froude number is in similitude (unless the 
fluid viscosity is significantly altered). However, 
scaling effects due to viscous effects are expected 
to be minimal provided that the local Reynolds 
number is sufficiently large to ensure the flow is fully 
turbulent through the apertures within the model 
scale modules (ensuring the same flow regime in 
the model and prototype). For rubble mound 
structures, research has shown that similitude is 

maintained if the model Reynolds number is ~104 or 
above, where the length scale is the armour unit 
length [7]. In this experimental program, the model 
scale of the modules was chosen to try to ensure 
testing was conducted at Reynolds number 
comparable or greater in magnitude (see Section 
2.3). 
 
2.3 Artificial Reef Modules 
The physical model testing was conducted at 1:5.8 
geometric scale (Ls=5.8). This geometric scale was 
chosen to ensure that: (i) the Froude scaled 
hydrodynamic conditions generated in the flume 
were representative of typical prototype conditions; 
(ii) the local flow within the modules remained 
turbulent (using a typical module width between 
holes of order 0.1 m and peak wave velocity of 0.1 
m/s, gives Reynolds numbers of ~104); (iii) a whole 
number of modules could be placed to span the full 
width of the flume, so as to represent a section of a 
wider reef; and (iv) the shallowest water depth was 
sufficiently deep to enable the use of active 
absorption when running the piston wave maker.  
 
A total of 24 scaled concrete modules were supplied 
by Subcon (Figure 2), with prototype dimensions 
that were 1.8 m tall, had top and bottom diameters 
of 2.1 m and 1.5 m, respectively, and wall thickness 
0.17 m. The scaled modules were approximately 
310 mm tall with top and bottom diameters of 260 
mm and 365 mm, respectively. The wall thickness 
of the modules ranged between 25 to 40 mm.   
 
2.4 Arrangement and Installation of Modules 
Four layouts of modules with different reef crest 
widths (B) and module row spacings (S) were tested 
(Figure 3). To accommodate Layouts 3 and 4 in a 
staggered array, two of the modules were cut in half 
to ensure that the full width of the flume was 
occupied (representing an infinite length of artificial 
reef).  
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Layout 1

B=5D

 
 

Layout 2

B=7D

 
 

Layout 3

B=2.75D

   
 

Layout 4

B=4.5D

 
 
Figure 3 Plan view schematics of the different module layouts tested (left) next to a photograph taken in elevation of the 
layout installed in the wave flume (right).  In the photographs, incident waves are propagating from right to left (as indicated 
by arrow). In the plan view schematics, the reef crest width (B) is indicated in terms of the module base diameter D. 

 
Since the geometry of each Bombora module is not 
axisymmetric (see Figure 3 above), the reef 
modules were individually rotated to ensure a 
randomised orientation relative to the incident wave 
direction, which is typical of how the modules are 
expected to be deployed in practice.  
 
 
 
 

This specific study focused on assessing wave 
transmission across arrays of stable reef modules 
which were fixed to the bare flume floor by placing 
lead weights around the internal perimeter at the 
base of the modules. The module stability in 
practice could be improved to this degree through 
the use of other infrastructure (e.g. skirts) or 
different installation techniques. 
 
 

467



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Performance of Engineered Wave Attenuating Reef Structures 
Geldard et al. 2021 
 
2.5 Instrumentation 
The different layouts of modules were placed within 
the viewing window located closest to the middle of 
the wave flume (Figure 3). Arrays of wave gauges 
(WG) were located up-wave, down-wave and in-line 
with the modules to directly measure changes in 
wave height along the flume. Two Acoustic Doppler 
Velocimeters (ADV) were used to measure the 
instantaneous flow velocity at mid-depth and were 
co-located and synchronised with wave gauges 1 
and 5, enabling the removal of unwanted reflected 
wave components. The testing layout articulated 
above is schematically drawn in Figure 1. 
 
2.6 Wave Conditions 
Tests were conducted to represent prototype water 
depths (d) of 1.8 m (i.e. d/h = 1, top of the module 
representing a prototype low tide), 2.7 m (i.e. d/h = 
1.5, representing a prototype high tide) and 2.3 m 
(i.e. d/h = 1.25, an intermediate water depth).  
 
The range of model scale wave conditions tested 
(period and height) were chosen based on the 
performance capabilities of the piston wave maker 
as well as appropriate Froude scaling from typical 
prototype conditions. Multiple wave heights were 
tested at fixed periods in addition to multiple periods 
tested at fixed wave heights (Table 1). This was an 
efficient approach to investigate trends of wave 
transmission with both wave height and period, 
respectively.  
 
In Table 1, T represents the wave period for the 
regular waves and the incident wave height is 
denoted Hi. Each experiment was typically run for 
100 wave periods, lasting from 7 - 24 minutes (3 - 
10 minutes at model scale), to ensure that 
conditions in the flume reached a quasi-steady 
state. 
Table 1 Summary of the wave conditions tested. Values 
are prototype values, whilst values in parentheses are 
model scale values.  

Target 
T [s] 

 Target Hi [m] 
0.29 

(0.05) 
0.43 

(0.075) 
0.58 
(0.1) 

0.72 
(0.125) 

0.87 
(0.15) 

3.6 
(1.5) 

X X X X(2) X(4) 

6 
(2.5) 

  X(1) X(3) X(4) 

8.4 
(3.5) 

  X(1) X(3) X(4) 

10.8 
(4.5) 

X X X X(3) X(4) 

13.2 
(5.5) 

  X(1) X(3) X(4) 

Note: (1) only tested at d=1.8 m (0.32 m); (2) tested at d= 
1.8 m (0.32 m) and d=2.3 m (0.39 m); (3) only tested at 
d=2.3 m (0.39 m); (4) only tested at d=2.7 m (0.47 m). 
 

3. Results and Discussion 
The incident and reflected components of the waves 
measured at the offshore and onshore locations 
were decomposed via directional separation 
utilising a frequency domain method [4]. This 
method isolates the incident and reflected wave 
components based on the measured free surface 
elevation and horizontal velocity time series, and 
the expected relationship between these time series 
assuming linear wave theory [4]. 
 
The transmission coefficient was then computed for 
each case according to 
 

Kt = Ht/Hi (3) 
  

where Ht is the transmitted wave height (evaluated 
at gauge location 5; see Figure 1) and Hi is the 
incident wave height (evaluated at gauge location 1; 
see Figure 1). The influence of relative freeboard 
and relative reef crest width on transmission is 
investigated further below. The influence of wave 
steepness and degree of submergence on 
transmission was also investigated and used to 
guide the parameter spaces investigated below.  
 
3.1 Influence of Relative Reef Crest Width and 

Relative Freeboard  
The variation of the transmission coefficient with 
relative reef crest width for Layouts 3 and 4 is shown 
in Figure 4 below. The data was organised into four 
sub-categories of relative freeboard to help better 
understand the influence of relative reef crest width.  
 
An inverse relationship between the transmission 
coefficient and relative reef width is evident across 
the range of relative freeboards tested. This trend 
indicates that the transmission of shorter period 
waves is limited for a given reef crest width. A larger 
reef crest width would be required to achieve a 
similar degree of transmission of longer period 
waves.  
 
The vertical scatter in the magnitude of the 
transmission coefficient Kt appears to be well 
accounted for through differences in the relative 
freeboard Rc/Hi. Shallower relative freeboards are 
associated with a reduction in wave transmission 
due to a combination of both wave dissipation and 
reflection (not shown). Similar trends to that seen in 
Figure 4 are reported in two independent studies on 
artificial reef modules, also at very shallow relative 
freeboards (Rc/Hi>-0.2) [6], as well as differing 
degrees of submergence (d/h = 1.25, d/h = 1.38 and 
d/h = 1.5), similar to those investigated in this 
present paper (d/h=1, d/h=1.25 and d/h=1.5) [9]. 
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Figure 4 Results for module Layouts 3 and 4 showing that 
relative reef crest width (B/L) decreases approximately 
linearly with the transmission coefficient (Kt) at different 
relative freeboards (Rc/Hi).  

The relationship between wave transmission, 
relative reef width and relative freeboard is 
summarised differently in Figure 5, where 
transmission is now plotted against relative 
freeboard at different relative reef crest widths. A 
steep drop in the transmission coefficient begins at 
a relative free board of Rc/Hi ~ -1. This reinforces 
the importance of organising the data in Figure 4 
into sub-categories of relative freeboard as a small 
change in Rc/Hi can have a significant influence on 
performance.  
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Figure 5 The data recorded for module layouts 3 and 4, 
highlighting the dependency of transmission coefficient 
(Kt) to relative freeboard (Rc/Hi) at different relative reef 
crest widths (B/L), similar to an existing meta-data 
analysis on the performance of submerged rubble mound 
breakwaters (shaded region, source: Van der Meer et al. 
(2005) [12]).  

Figure 5 also compares the performance of the 
Bombora modules in Layouts 3 and 4 to a meta-data 
analysis undertaken by Van der Meer et al. (2005) 
on submerged rubble mound breakwaters with 
relative reef crest widths ranging from 0.009 through 
to 0.51 [12]. It is evident that the transmission 
performance of the artificial reefs tested fall within 
observations for rubble mound breakwaters across 
a range of B/L and Rc/Hi values; however, in this 
present study this is achieved using various layouts 
of hollow porous reef modules that contain much 
less material than a rubble mound structure with the 
same dimensions. 
 
Figures 4 and 5 compliment and improve the 
growing number of data sets that aim to 
characterise the transmission of wave energy 
across different artificial reef modules as well as 
develop stronger design guidelines for their general 
use as a nature-based solution to coastal 
protection.  
 
3.2 Influence of Module Layout  
The variation in transmission coefficient with relative 
reef crest width for Layouts 1, 2, 3 and 4 are 
independently plotted in Figure 6 for two 
representative relative freeboard ranges  
(-1.04>Rc/Hi>-1.75 and Rc/Hi=0). Both layouts 3 and 
4 were investigated above collectively in Section 
3.1, which highlighted an inverse relationship 
between transmission and relative reef crest width. 
 
 

 
 
 
 

0 0.2 0.4 0.6 0.8 1

B/L

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

K
t

Layout 1

Layout 2

Layout 3

Layout 4

 
 
 
 

Figure 6 The data recorded for all module layouts over the 
relative freeboard ranges of -1.04>Rc/Hi>-1.75 (top data 
set) and Rc/Hi = 0 (bottom data set),  showing that better 
transmission coefficients (Kt) are achieved for a given 
number of modules by spacing them apart to increase the 
relative reef crest width (B/L). 
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Layout 1 was designed to have the same number of 
modules as Layout 3, however the rows were 
evenly spaced to achieve a similar reef crest width 
as Layout 4 (see Figure 3). As seen in Figure 6, 
Layout 1 shows a similar reduction in wave 
transmission with B/L as seen for Layout 3; 
however, the performance has improved with the 
range of relative reef widths available extending into 
regions of lower transmission for each of the tested 
wavelengths. 
 
The reduction in wave transmission with module 
spacing, and consequently relative reef crest width, 
is being investigated in further detail but could be 
due to several factors. For example, flow separation 
around widely spaced modules can potentially 
enhance drag forces on the individual modules that, 
through the work done by the drag forces, would 
enhance rates of drag dissipation [3,8]. The 
increased spacing of the rows can also lead to a 
greater contribution of energy loss through wave 
reflection at multiple points within the array, or 
alternatively cause waves to resonate at the reef 
module spacing which may potentially cause 
increased reflection. 
 
The variation in transmission coefficient with relative 
reef crest width for Layout 2 in Figure 6 further 
highlights the impact of module spacing. The 
performance of three rows of modules to attenuate 
wave energy is further improved by increasing the 
spacing to occupy a slightly larger reef crest width 
than Layout 4. As a result, similar transmission 
coefficients begin to appear in comparison to Layout 
4, representing a layout with 67% more material. 
 
4. Conclusion 
This paper has presented results from physical 
model testing of different layouts of 1:5.8 scaled 
porous Subcon Bombora reef modules in a 54 m 
long and 1.5 m wide wave flume. Wave induced 
heights and velocities were measured over a range 
of offshore wave conditions to quantify wave 
transmission across different reef configurations 
(varying water depths over the reef, reef widths, 
number of modules and module row spacing). The 
wave transmission properties for the different 
layouts of Bombora modules were shown to be 
strongly dependent on their configuration. An 
increase in the relative reef crest width reduced 
wave transmission, as did reducing the relative 
freeboard. The spacing between rows of modules 
within the layout also significantly improved their 
performance in comparison to layouts with 
additional modules at reduced spacings. In 
summary, the results from this experimental study 
have helped characterise the wave transmission 
properties of different layouts of a porous artificial 
reef module, contributing to the limited literature on 
wave transformation over artificial reefs. The results 
also help underpin the development of design 

guidelines for the use of artificial reefs as a nature-
based solution to coastal protection. 
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Abstract 
The Manning River has two entrances. They have a 200 year history of providing navigational challenges since 
they were first sighted by European explorers. The river was the gateway for early European settlement and 
trade. In more recent times recreational craft usage is rapidly developing as the region experiences a growth 
in popularity as both a holiday and retirement destination. Over two centuries there has been the loss of many 
vessels and lives on the dangerous, and unstable entrance(s), and associated bars. There has also been 
many attempts to manage the river entrances including dredging, the construction of training walls and a 
proposal for twin breakwaters that was developed in 1885. However the breakwater configuration was not 
completed as only the northern of the two proposed breakwaters was constructed resulting in an unstable 
entrance that was, and remains, dangerous to navigate. The construction of the missing southern breakwater 
has been raised on many occasions however it has tended to be ruled out on the basis of cost and the inherent 
difficulties of constructing a traditional breakwater given the site strictures at this location. Recently there has 
been the opportunity to re-examine the issue of the entrance and a somewhat novel approach has been 
proposed. This involves relocation of the entrance to provide a better solution for navigation, flood relief and 
for reducing the coastal vulnerability of Manning Point a small coastal village currently under threat.  
 
Keywords: River entrances, novel solutions, breakwaters, navigational safety, regional development  
 
1. Introduction 
The traditional custodians of the land surrounding 
the Manning River and its associated valley are the 
Biripi people of the Bundjalung nation. The first 
Europeans to visit the area are believed to be the 
explorer John Oxley and his party.  During a trip 
along the coast from the Hastings River to Port 
Stephens Oxley reported crossing two river 
entrances in 1818 and naming them Harrington and 
Farquhar. In 1826 the river was formally named the 
Manning by Robert Dawson after the Deputy 
Governor of the Australian Agricultural Company 
(AAC), William Manning. William Cromarty was 
engaged by the AAC to assess the navigability of 
the Manning. He concluded that no ship could cross 
the barred entrance at Farquhar Inlet. In 1827 
Government surveyor Ralfe reported that, the river 
entrance at Harrington was closed [1]. Although 
Farquhar Inlet is often closed this was the only time 
in recorded history the Harrington entrance has 
been documented as being closed and it coincides 
with the only report of the entrance to Wallis Lake at 
Forster Tuncurry also being closed [7]. Shortly after 
this the AAC relinquished its large holdings on the 
southern side of the river when their manager 
reported that the Manning: “has no depth of water at 
either entrance which can allow for produce being 
conveyed by vessel sufficiently large to do this 
business safely and effectively. A six-oared boat 
can scarcely enter Farquhar’s Inlet in security and 
Harrington’s Inlet is not a great deal better” [1]. 
 
By 1834 William Wynter was the only landowner still 
left on the northern bank of the Manning and he 

argued for the development of the timber cutting 
industry. This resulted in some 14 vessels calling at 
the Manning to pick up the very profitable cedar logs 
during the 1830s [1]; four of these vessels were 
subsequently wrecked on the Harrington bar. In 
1931 the north coast railway reached Taree 
relieving some of the reliance on the coastal 
steamer trade. However, shipbuilding remained an 
important activity for the local economy and 
continues to do so today. Both the north and south 
arms of the river from Taree downstream, and the 
river upstream from Taree to Wingham, and 
beyond, have been extensively enjoyed by 
recreational boaters for many decades. The 
increasing number of retirees and others seeking a 
“seachange” are now placing additional demands 
on the Manning. One of these demands is the ability 
to go offshore through the entrance at Harrington 
with an acceptable level of safety; a desire not 
currently fulfilled by the unstable nature of the 
entrance bars and shoals.  
 
2. Setting 
The coastal topography of New South Wales 
features rivers, creeks, lagoons, lakes and 
extensive wetlands, all of which hindered the early 
construction of road and railways to connect the 
fledgling European settlements of the early 1800s. 
Because of the lack of overland transport, coastal 
shipping became the primary form of transport for 
most of the 1800s, regardless of the dangerous 
entrance bars. It continued to play an important part 
into the 1900s, particularly in regard to cargos of 
wood, grain, sugar and dairy products. Like many 
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river settlements the early developments in the 
Manning took place upstream where the land was 
more fertile and the water less saline. Navigation of 
the Manning entrance at Harrington, regardless of 
its dangerous shoals, was essential for the shipping 
trade that serviced the upstream towns of the 
farming communities. Therefore, as well as being 
seaworthy the trading vessels needed to be also 
capable of navigating the entrance and the river. 
  
The Manning river is approximately 260 km long. It 
rises in the Barrington Tops National Park in the 
vicinity of Mount Barrington and descends some 
1,500 metres through the Manning Valley to the 
Tasman Sea. The environment of the lower reaches 
of the river is characteristic of a drowned river valley 
formed as a product of the Holocene sea level rise. 
This has created a large delta region the upstream 
start of which is in the vicinity of the town of Taree, 
one of the first major settlements of the Manning, 
originally established in 1827. At the coast the delta 
region extends from Crowdy Headland at 
Harrington 15 km south along the sandy coastline to 
a less prominent sedimentary rock feature known as 
Mudbishops Point, adjacent to the village of Old 
Bar.  The delta region features many relic channels 
suggesting that the river has, from time to time, 
during the past 6,000 years changed course and 
meandered throughout the delta region, and most 
likely the river entrance has followed suit.  

Currently the river bifurcates near the city of Taree. 
The two principal channels each have several 
tributary and relic channels. The current main 
channel winds its way across the northern area of 
the delta and is joined from the north by the Dawson 
River and further downstream the Lansdowne 
River, before arriving at the “permanent” mouth at 
Harrington, some 26 km downstream from Taree. 
The second channel follows a more sinuous route 
across the southern area of the delta to an 
intermittently closed and open mouth at Farquhar 
Inlet near the town of Old Bar, some 16km 
downstream of Taree. 

The Harrington and Farquhar River entrances are 
approximately 12km apart however both are 
unstable, and their locations can shift considerable 
distances from time to time. The estuary region has 
a combined surface area of approximately 30 sq km 
and has a mean spring tidal range that varies in 
magnitude up to the extent of the tidal influence 54 
km upstream of the entrance [4]. On large spring 
ebb tides, peak velocities through the entrance 
channels can exceed 3 m/s [12]. 

3. Coastal Processes  
The Manning Valley coastal sediment compartment 
extends from Black Head (Hallidays Point) 34 km 
north to Crowdy Head. A simplified overall sediment 
budget of the compartment can be summarised as 

follows. There is no evidence of significant net 
longshore drift of sand into the compartment from 
the south around Black Head [9].  Headland by-
passing out of the embayment around Crowdy Head 
is sporadic and variable, dependent on interdecadal 
and shorter-term processes such as El Nino/La 
Nina and intermittent floods in the Manning but is 
understood to be of the order of 15,000 to 50,000 
cum on an annual averaged basis [5], [6]. While 
there can be considerable gross onshore/offshore 
sediment movement from time to time, there is no 
evidence of significant net offshore gains or losses 
of sediment from the compartment.  There is some 
evidence of minor aeolian losses and some fluvial 
gains, however, much of the fluvial gains take the 
form of deposits in the river rather than additions to 
the coastal littoral system [5], [6]. Neither the 
aeolian losses nor fluvial gains are considered 
significant in the overall sediment budget. While the 
net drift out of the compartment around Crowdy 
Head is generally in keeping with the overall 
averaged historical long-term compartment 
shoreline recession rates of 0.7 m to 0.8 m per 
annum (pa) ([14], as modified by [10]), at times the 
recession rates at both Old Bar and along Mitchells 
Island can be significantly greater and more of the 
order 1.8 to 2.6 m pa [5], [6], [10]. An understanding 
of the complex processes and behaviour of the two 
entrances and their adjacent shorelines, and the 
impact of long-term removal of sand through 
dredging activities, has been investigated and 
extensively detailed in several studies [3], [5], [6], 
[11] and [12].  
 
3.1 Farquhar Inlet 
The southern entrance at Farquhar Inlet has no 
training walls nor breakwaters. It has a history of 
periodic closure and both natural flood and 
mechanical breakout [11]. Gordon [3] described the 
complicated processes of river entrances subject to 
natural and artificial breakouts, one example 
detailed by Gordon in that paper being Farquhar 
Inlet.  Frequent and extended periods of closure of 
the inlet results in a degradation of water quality with 
potential adverse impacts on the oyster industry and 
recreational usage. This places pressure on 
authorities to initiate a mechanical breakout and to 
attempt to maintain the entrance open by on-going 
dredging of the evolving flood tide delta. If allowed 
to become fully developed the delta traps some 
200,000 to 300,000 cu m of sand inside the 
entrance. Initial scouring of the entrance during 
breakout, whether due to floods or anthropogenic 
intervention, jets sand offshore. The stronger the 
breakout the further offshore the sand is deposited 
and hence the longer the time it takes to return to 
the nearshore region [3]. Once the breakout event 
is complete the entrance naturally begins to infill by 
“borrowing” sand from the nearby coastal littoral 
sand supply, principally from the south, resulting in 
accelerated beach recession on the southern 
beaches until the entrance is again closed. Because 
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of the net northerly littoral drift tendency the sand 
that was jetted offshore returns to the active zone of 
Mitchells Island, on the northern side of the 
Farquhar entrance, rather than directly into the 
entrance. This produces the counterintuitive effect 
of Farquhar Inlet tending to close from the north due 
to the excess of sand arriving shoreward, while at 
the same time sand continues to flow in from the 
south. Dredging is undertaken in an attempt to 
prolong keeping the entrance open. Historically the 
dredged material has been placed on islands in the 
estuary and has therefore been removed from the 
active littoral system and hence the sediment 
budget. The inflow of sand from the beach system 
to the south produces the recorded episodes of 
accelerated shoreline recession at Old Bar where 
the situation is exacerbated by the presence of 
sedimentary rock outcrops in the surf zone, and 
therefore the sand deficit has to be mainly made up 
by dune recession. The complexity of the entrance 
behaviour, as detailed by Gordon [3], has therefore 
led to the apparently confusing results reported by 
the various studies listed in [6] of recession rates 
that vary from time to time from 0.4 m pa to over 2 
m/a on the beaches to the south of Farquhar Inlet. 
It also explains the apparently confusing results 
obtained for the southern portion of Mitchells Island 
where the documented rates vary from short to 
medium term accretion, as the sand scoured out of 
Farquhar Inlet moves back onshore, to recession 
rates of around 1.4 m pa due to the influence of the 
Harrington entrance. How much sand has been 
removed from the sediment budget by dredging in 
Farquhar Inlet is not well documented. However, [6] 
estimates the removal has been equivalent to an 
annual averaged rate of 30,000 cum pa. 

3.2 Harrington 
Unlike the Farquhar the Harrington entrance has 
generally remained open. Flood events cause the 
entrance channel to become more defined and 
move north until it is prevented from going further by 
the breakwater. Between flood events littoral drifting 
sand is washed into the entrance causing a large 
flood tide delta to evolve that progressively throttles 
the entrance. As the delta grows the entrance 
shoals, becomes wider, expands southward and 
becomes more convoluted and less well defined. 
The velocities drop so the rate of shoaling increases 
encouraging accretion which promotes further 
shoaling of the entrance and further migration of the 
entrance south [6]. Ruprecht [11] has documented 
the behaviour of the Harrington entrance over time 
as it responded to flood events and the subsequent 
channel meandering as the delta developed.  
 
Major floods produce significant scouring of the 
delta. For example, the 1978 flood reportedly 
scoured 500,000 cu m from the entrance [13]. As 
with Farquhar sand is jetted offshore during such 
flood events and that sand takes time to return 
inshore. Again, a skewed pattern of distribution is 

created by the net northerly littoral drift. So in 
general sand arriving back inshore favours the 
northern side of the entrance. This promotes the 
development of a sand bar in the entrance against 
the northern breakwater which develops into an 
accretional filet that results in the entrance channel 
being pushed south. The sand that comes inshore 
to the north of the breakwater provides feed to the 
net northerly drift system bypassing Crowdy Head 
in following storm events, as described by Gordon 
[2] when discussing a similar situation at Cape 
Byron. Because the flood tide delta inside the 
entrance is fed by littoral drifting sand coming from 
the south along Mitchells Island, the Island’s coast 
responds by increasing its recession rate in 
accordance with the delta’s demand for sand. This 
explains the apparently anomalous results of 
various investigations that have reported shoreline 
recession rate varying from 0.2 to 0.3 m pa up to 1.8 
to 2.4 m pa near Manning Point [6]. As with 
Farquhar the major loss of sand from the sediment 
budget is due to dredging operations, However, in 
the case of the Harrington entrance these 
operations have been undertaken for more than a 
century, primarily initially to aid navigation but more 
recently to win sand for land reclamation. 
Unfortunately, records are such that it is difficult to 
estimate the volume of sand removed from the 
sediment budget. However, MHL estimates it to be 
in the order of 5 million cu m [6]. 
 
4. Management Practices of the Entrance(s) 

   
4.1 Farquhar Inlet 
The entrance at Farquhar Inlet has a history of being 
unsuitable for navigation. Entrance management 
has to date been low key and focused on 
mechanical openings to flush the lower estuary and 
provide flood relief, and is likely to remain so. 
 
4.2 Harrington 
The Harrington entrance has been used for 
navigational purposes for over 200 years although 
the cost in lost shipping and lives has been great. 
Since earliest European settlement it has always 
been considered one of the most dangerous 
entrances on the NSW coast. Records show more 
than 50 trading vessels being wrecked on the 
Harrington Bar during the 120 year period from the 
1820s to the 1940s, when road transport 
substantially took over from coastal shipping. Prior 
to any training works at Harington, the location of 
the ocean entrance was unstable and tended to 
ambulate backward and forward over a distance of 
up to 5 km. It was also heavily choked by flood tide 
delta shoals that required constant dredging to 
maintain navigable channels within the entrance.  
 
In early 1885 the NSW Government voted funding 
for construction of twin breakwaters and associated 
training works at Harrington in accordance with the 
design prepared by the British Civil Engineer Sir 
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John Coode. Figure 1 shows a slightly modified 
version of the Coode design.  
 

 
 

Figure 1: 1888 Harrington entrance design - [6] 
 
Coode designed several NSW river entrance works 
and a characteristic of his designs was to preserve 
the configuration that existed at the time using 
training walls and breakwaters. It is interesting to 
reflect that a nearby river, the Macleay, that 
originally had a similar configuration to the Manning 
of a long shore parallel final reach, is recorded at 
the time of first European exploration as having its 
entrance near Grassy Head, 8.5 km north of its 
present entrance. However, unlike the Manning, a 
major flood in the late 1850s cut a new channel 
through the sand spit, near South West Rocks, in 
the region where the river had previously turned 
north. Today the historic final reach is now a long 
backwater of old channels and wetlands; the river 
entrance was fixed in place with breakwaters and 
training works in its flood carved location. A similar 
fate determined the present-day configuration of 
many of the NSW river entrances. It would seem 
there was little understanding of river entrance 
behaviour and hence the opportunities for designs 
and economic efficiencies, nor the opportunities for 
optimization of navigational safety and/or flood 
relief. The legacy at the Manning has been 
compounded by a decision to only partially 
complete Sir John Coode’s proposal. 
 
Work commenced on Coode’s plan in March 1895 
by opening a quarry on the southern side of Crowdy 
headland and constructing 4 miles of railroad to the 
base of the northern breakwater at Harrington [1]. 
Given the experience elsewhere with scour as the 
breakwater was constructed a new method was 
trialled which involved tipping small stones from a 
punt in front of the main breakwater formation. This 
tended to reduce the scour hole that had otherwise 
developed in front of breakwater construction. This 
significantly reduced the amount of large rock 
required during the advancement phase.  
 
In 1898 a Parliamentary Public Works Committee 
determined that to save money construction of the 
southern breakwater should be held in abeyance 
[1]. The training wall on the northern bank of the 

Harrington Inlet was completed in 1899. In 1900 the 
Public Works Department, dissatisfied with the 
performance of the contractor, purchased their 
equipment, and took over construction of the main 
northern breakwater [1]. In 1902 work commenced 
on the southern training wall, but in 1904 work 
ceased on both the northern breakwater and the 
southern training wall due to funding cutbacks. At 
the time the northern breakwater extended 
approximately 100 m offshore [1]. The entrance 
began to display the typical behaviour of a single 
breakwater entrance with the formation of a tidally 
driven asymmetrical entrance bar, and a channel 
that sometimes detached from the breakwater and 
meandered south. This resulted in an expansive 
entrance shoal with unpredictable channel 
movements and the development of large flood tide 
shoals in the river. The Public Works dredging fleet 
had to be employed to keep the entrance open and 
to maintain a channel through the flood tide shoal. 
Details of the dredging activities are included in [6]. 
 
By 1907 there were seven shipping ports in the 
Manning hence management of the entrance and 
the shoals was critical to the overall economy of the 
region. In 1910 the Public Works Committee 
decided to proceed with the southern breakwater 
and to extend the northern breakwater, however 
nothing eventuated until after storms in 1912/1913, 
when the northern breakwater was damaged and so 
was repaired and extended. But no work was 
undertaken on the southern breakwater. Overall, 
construction of the current works took place 
intermittently over a period of 33 years [1]. 
 
5. The Future of the Manning Region 
Taree is a city well positioned on the North Coast 
railway line, is adjacent to the Pacific Highway and 
is accessible by air. It enjoys a spectacular 
hinterland and has ready access to the coastal 
region extending from Forster/Tuncurry in the south 
to Crowdy Head in the north. While the older 
sections of Taree and the other original Manning 
River villages are flood prone, the newer 
developments are positioned on flood free land. 
Given the overall topography and the features of the 
region including the surrounding hinterland, there is 
significant potential for future growth placing an 
emphasis on the need to address the challenges 
associated with the river. For example, in 2019, due 
to drought conditions the river ceased to flow and 
the tidal interchange in the reaches below Taree 
was limited by the closure of Farquhar Inlet and 
sand choking of the Harrington entrance, resulting 
in very poor water quality in the estuary region and 
increased difficulty of safe navigation, particularly 
across the Harrington bar. 

While the distance to the ocean from Taree to 
Farquhar Inlet by river is far less than that from 
Taree to Harrington the latter is currently the main 

474



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Manning River Entrance – a problem in search of a solution 
Angus Gordon OAM 
 
river channel. The entrance management works 
that would be necessary to keep Farquhar open, 
and navigable are likely to be major and prove 
uneconomical. Given that past dredging campaigns 
have removed sand from the sediment budget and 
accelerated recession of the beaches to the south 
there is the opportunity to offset the acceleration by 
back-passing the dredged material from Farquhar 
Inlet onto Old Bar beach. While back-passing 
comes at a cost it would enable the water quality 
and flooding matters of the estuary to be addressed.  

5.1The Future of Harrington Entrance 
At Harrington the failure to complete the planned 
entrance works has produced an ambulatory 
entrance that is dangerous to navigate. Storms 
overtop the sand spit both infilling the entrance and 
causing the main channel to meander southward up 
to 2 km from the northern breakwater to the still 
vegetated section of the narrow spit 1.5 km to north 
of the town of Manning Point. The result is 
unpredictably changeable entrance sand bars and 
a flood tide delta that combined represent over 2 
million cu m of potentially moveable sand. While this 
material is not removed from the active coastal 
processes, it is temporarily “sidelined” until a flood 
flushes all or part of it back out into the littoral 
system, after which it is replaced by sand flowing 
into the entrance from the south thereby producing 
accelerated rates of recession of the beach along 
Mitchells Island. To enable further development in 
the Harrington area, the river has been dredged to 
yield material to elevate the land above flood levels. 
Some of this material has been won from the flood 
tide delta [6], removing it from the active coastal 
processes. Other material has been removed from 
the fluvial deposits and has created a deep channel 
in the reach facing downstream towards the town of 
Manning Point potentially placing pressure on the 
riverbank in this region, particularly during flood 
events. This is evidenced by the cut that has been 
developing behind the root of the spur wall just north 
of Manning Point. Given the increasing shoreline 
recession on the ocean side of Manning Point 
village, and the bank erosion on the river side, it is 
conceivable that during a future major flood and 
coastal storm the river may breakout to the south of 
the spur wall, similar to what occurred on the 
Macleay in the mid 1800s. This would have 
potentially significant adverse impacts on the 
township of Manning Point. 
 
In 2015/16 the NSW Government agreed to 
undertake a review of options for the Harrington 
entrance including the possibility of construction of 
the southern breakwater. Based on a preliminary 

assessment, there were several alternative options 
that appeared more cost-effective than the southern 
breakwater, including routine dredging and a 
program to further stabilise the sand spit north of 
Manning Point. While it was considered that a 
southern breakwater could achieve the desired 
entrance improvements, such an option would likely 
also involve the construction of some 3 km of 
additional training walls in the river in order to 
prevent breakout through the spit. At the time it was 
estimated that a southern breakwater and training 
wall option would cost in the order of $100M to 
$150M and that it was unlikely it would achieve the 
environmental and economic benefits necessary to 
justify the project proceeding [6]. However, in March 
2020 the NSW Government created the Manning 
River Taskforce to again review options for 
providing a more stable entrance with improved 
safety of navigability. The 2020 Taskforce initiative 
provided the occasion to revisit these historical 
approaches but also the opportunity to take a fresh 
look at the issue. During this investigation the 
Author suggested a novel alternative solution based 
on an understanding of entrance dynamics and his 
observations of the behaviour of the Macleay. 
 
6. An Alternative solution  
For over a century entrance management options 
for the Manning have been influenced by the initial 
design developed by Sir John Coode. This was 
followed by the dictates of various Public Works 
engineers who were of the view that it was more 
economic to dredge to maintain a “navigable” 
entrance rather than construct further breakwaters. 
A modern understanding of entrance dynamics and 
the behaviour of other entrances on the NSW coast 
suggests there is little reason maintain the 
configuration suggested by Sir John Coode.  
Further, the increasing vulnerability of the Manning 
Point village itself, due to its exposure to coastal and 
riverine erosion, provides reason for consideration 
of a solution that would stabilise both the coastal 
and river sides of the village of Manning Point as 
well as improving entrance navigation. This gave 
rise to the development of the concept that involved 
moving the entrance 3 km south to a location just 
north of the existing spur wall (Figure 2). At such a 
location restructured training walls would allow the 
village to be protected on the riverine side while the 
new breakwaters would provide the opportunity for 
the coast to develop a fillet against the breakwater 
and thereby realign the coast sufficiently to provide 
protection for the village. Not only would there be a 
significant benefit for the village, but flood waters 
could more rapidly reach the ocean because of the 
3 km shortening of the final reach of the river and 
the elimination of the extensive, region of flood tide
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Figure 2: The concepts of an alternate solution (Image by Gordon on Google Earth background) 
 
delta that would otherwise need to scour before 
flood flows and levels in the lower reaches could be 
relieved. Further, oceanic flooding would be 
reduced due to the lessening of the wave set-up 
effects the current entrance suffers from due to 
mass transport across the shoals. It would also 
enhance recreational boating opportunities by 
providing both an entrance that could be more 
easily and safely reached from the river and a more 
navigable entrance, though there still would be 
occasions when the conditions on the entrance bar 
would preclude safe navigation. However, with 
careful design the times at which navigation was 
potentially unwise could be minimised. In regard to 
breakwater lengths, further investigation is required 
to determine whether it may be desirable for the 
southern breakwater to extend further seaward than 
the northern one so as to enhance bypassing by 
producing a slightly skewed offshore bar. 
Examination of the historical response of the many 
twin breakwater-controlled rivers and estuaries on 
the NSW coast, and the authors previous studies 
[3], [7] and [8], the evidence demonstrates there is 
likely to be little impact on river alignment upstream 
of the entrance from the proposed alternate option. 
 
Construction of a new entrance would be far simpler 
than an attempt to build a southern breakwater and 
the necessary connecting training wall across the 
wave washed bar. The proposed region of the new 
entrance is currently vegetated sand spit. 
Therefore, construction could commence by driving 
sheet piling along two lines, the distance apart 
requiring further investigation but nominally 200 m 
to 250 m apart, through the spit, back into the river 
a short distance and then extending the two lines 
offshore into the surf zone and seaward for a 
nominal 500 m. The seaward extensions could be 
either rock, or initially as double, cross braced, 
sheet pile walls. Once the sheet pile walls are in 
place the sandy region between them could then be  

 
excavated allowing the river to breakthrough and 
scour a new channel thereby forming the new ocean 
entrance for the Manning. Once the channel has 
stabilised rock from the existing spur wall, and 
potentially some from the northern breakwater could 
be repurposed as armouring for the sheet pile walls 
and new material brought in to provide long term 
protection for the breakwaters. This form of 
construction, while ending up with a similar overall 
configuration to conventional breakwaters not only 
significantly simplifies construction, but also 
substantially reduces the volume of rock required as 
the rock armour is backed by the sheet piles that 
become redundant in time.  
 
Once the new entrance is established it would then 
be possible to dredge the existing flood tide delta in 
the region between the new entrance and the 
northern breakwater and place it on the spit and into 
the old channels through the bar, thereby building 
the spit into a continuous beach/dune feature, which 
can then be stabilised with vegetation. This would 
also have the benefit of creating a new potential 
harbour and marina area landward of the spit. A 
similar configuration already exists at Moss Landing 
in California, USA. As shown in Figure 3, albeit the 
configuration at Moss Landing was developed for 
different reasons, however the outcome is similar.  
 
While the northern breakwater would become 
redundant and hence would be a potential source of 
rock this is not to suggest it be totally removed as it 
will also serve to aid with the stabilisation of the new 
spit joining to Harrington beach, as well as being of 
historical interest. A new entrance with the 
proposed configuration would be like the other twin 
breakwater entrances on the coastal rivers of the 
mid to north NSW coast, all of which develop 
offshore entrance bars generated by the longshore 
littoral drift, but interestingly none of which have 
developed deltas on the river side [8]. This means 

Image 2021  Maxar Technologies 

 

476



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Manning River Entrance – a problem in search of a solution 
Angus Gordon OAM 
 
the 200 year challenge provided by the behaviour of 
the current delta would no longer require 
management.  
 

 
 
Figure 3: Moss Landing, California (Google Earth) 

 
7. Summary 
Historically river entrance works in NSW have 
sought to lock the entrances in the site configuration 
that existed at the time the works were first 
suggested. At the Manning the original proposal 
was for a twin breakwater solution.  However, due 
to funding cutbacks only the northern breakwater 
was constructed. This resulted in the development 
of a wide treacherous meandering entrance bar with 
multiple channels that are constantly shifting in 
location thereby producing very dangerous 
navigation conditions into and out of the river.  
 
The Manning Valley region of NSW is experiencing 
rapid population growth and is likely to continue to 
do so, particularly with people seeking a 
“seachange” and the increase in retirees moving to 
the region. This is producing a growing desire to 
both recreate on the river and to exit to sea safely to 
fish offshore. Hence there is a renewed focus on the 
need to improve the safety of navigation at the 
entrance. In response a recent Government 
initiative sought to consider re-establishment of the 
original configuration by construction of a southern 
breakwater. However, there are substantial 
difficulties and costs in doing so. The Author has 
proposed an alternative solution based on an 
understanding of the history of entrance behaviour 
of the Manning, and other nearby river entrances. 
 
The benefits of the alternative entrance solution are: 
stable entrance location; safer and improved 
navigation of the lower estuary and through the 
entrance; additional protection for Manning Point; 
improved conveyancing of river floods through the 
entrance with resulting lowering of flood levels in the 
lower estuary; less oceanic flooding due to reduced 
opportunity for wave-setup at the new entrance; 
significant reduction of recession rates for Mitchells 
Island; better flushing of the estuary, significantly 
reduced need for on-going dredging and;  in 
addition, the opportunity to create a new harbour 
and marina facility.  
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Abstract 

We describe the development of a forecasting system for Antarctic waters based on coupled models of sea 
ice, wave, atmospheric and oceanic processes. This project aims to improve the safety of Antarctic navigation 
by enabling multi-day forecasts of ice conditions in the Ross Sea region and other polar waters, benefiting the 
safe and efficient operation of all vessels in this dangerous and ecologically sensitive region. 

This opportunity arises from the recent development of a sea-ice model (CICE-FSTD) capable of 
simultaneously simulating the sea-ice Floe Size and Thickness Distribution (FSTD). Central to its success is 
that it accounts for the role that waves have in breaking up ice floes. 
 
In a 3-year research programme, we are further developing linkages between CICE-FSTD and the spectral 
wave model Wavewatch III. This will produce a fully-coupled wave-ice model that will then form the basis of 
an operational forecast system that will provide twice-daily 6-day forecasts of wave and ice conditions in 
Antarctic waters, with atmospheric forecasts provided by operational global weather and ocean forecasts. 
 
Initial results are presented from tests of the standard 1° CICE6.1 global model forced offline by global 
forecasts of atmospheric and oceanic conditions. Fracture by wave forcing is turned off. Sea-ice concentration 
(area fraction) and thickness are initialised from HYCOM sea ice state.  With the FSTD included the forecast 
sea-ice concentration after 6 days shows both increases and decreases in both hemispheres due to the 
modified thermodynamics. Relative to simulations without the FSTD, there is a reduction in melt rate due to 
the dependence of lateral melt on floe size. 
 
Ongoing development includes testing the coupling with waves and running CICE on an Antarctic domain at 
high resolution.   
 
 
Keywords: ice, floes, waves, forecasting 
 
1. Introduction 
Safe polar navigation requires an ability to predict 
the evolution of sea-ice cover in the Marginal Ice 
Zone (MIZ), where sea-ice is composed of floes of 
varying size and thickness (Figure 1). The MIZ is the 
most dynamic part of the cryosphere, where sea-ice 
responds most rapidly to interactions with both the 
atmosphere and the ocean, resulting in significant 
changes to ice conditions occurring over the typical 
duration of voyages through the ice field.  
 
Waves entering the MIZ are attenuated and 
scattered by the floes, causing some floes to be 
broken up by wave-induced stresses (Figure 2). 
 
While several international agencies run operational 
or research forecast systems capable of providing 
sea-ice information (predominantly for the Arctic), 
none currently includes the effect of wave-ice 
interaction in their models. Recent studies with 
models that represent the interaction of waves with 
a field of ice floes of varying sizes and thicknesses, 

have suggested that wave-ice interactions play a 
dominant role in the evolution of the MIZ. This 
suggests that our ability to forecast ice conditions in 
the MIZ can be improved by the use of models that 
take account of these interactions between waves 
and ice floes. 
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Figure 1   Floes surrounding the Nathaniel Palmer in 
Antarctica 

 

 
Figure 2   Schematic of the transition from the open 
ocean where wave activity is significant, into the Marginal 
Ice Zone where waves and ice interact, through to 
consolidated pack ice 

 
2. The CICE-FSTD model 
A recently-developed version [1] [2] of the ice model 
CICE [3], which we denote “CICE-FSTD”, includes 
a representation of ice floes of different (horizontal) 
sizes in addition to the existing characterisation into 
different thickness classes, to give a full Floe Size 
and Thickness Distribution (FSTD) (Figure 3). 
 

 
Figure 3   Joint floe size and thickness distribution f(r,h) 

 
The inclusion of an FSTD in CICE allows the model 
to represent the role of wave-induced fracturing of 
ice, mechanical floe interactions (welding, ridging 
and rafting), and lateral melting and freezing (Figure 
4), with the evolution of the FSTD governed by 
Equation 1.  
 
𝜕𝑓

𝜕𝑡
= −∇. (𝑓(𝑟, ℎ)�⃗� ) + ℒ𝑇 + ℒ𝑀 + ℒ𝑊 (1) 

 
This model has been used to demonstrate that 
realistic floe size distributions can emerge as a 
response to forcing by inputs from simulated 
weather, ocean and wave conditions. 
 
 
 
 
 

 
 
 

 
Figure 4   Processes contributing to the evolution of the 
FSTD within the CICE-FSTD model, according to 
Equation 1. These include thermodynamic processes 

(ℒ𝑇) of lateral melt and growth, mechanical floe welding 

(ℒ𝑀) and wave fracture (ℒ𝑊) 
 

3. Hindcast experiments with CICE-FSTD 
In a set of 15-year (2000-2014) hindcast 
experiments [4], CICEv5.1.2 and the spectral wave 
model Wavewatch III [5] were forced by the JRA55 
atmospheric reanalysis, at 1° resolution. In the first 
experiment (NOFSD), the standard CICE model 
with no FSTD was used. In FSDv1, the FSTD was 
introduced, with floes initially forming as pancake 
ice. In FSDv2, the sizes of new floes were 
dependent on the wave field. In FSDv2-WAVE, the 
attenuation of the wave field was made dependent 
on the FSTD. These experiments showed that the 
floe-size distribution could emerge, without needing 
to be assumed a priori, in a plausible way from the 
model dynamics, with wave-ice interactions playing 
a significant role. This can be seen, for example, in 
the sensitivity to wave interactions of the mean floe 
perimeter P. This is a measure of the length of 
lateral ocean-ice interface per unit area (with 
dimensions of length/area = length-1), and hence of 
direct importance in determining lateral melting 
rates. Note that this definition means that a region 
of ocean with a few large floes will have a lower 
value of P than the same area of ice broken up into 
many smaller floes.  
 
The spatial distribution of mean-floe perimeter P at 
a time of near-maximum ice extent (March in the 
Arctic, and September in the Antarctic) resulting 
from the various numerical experiments is shown in 
Figure 5. Without including the Floe Size 
Distribution, the mean perimeter cannot be 
estimated, and is simply assumed to have a 
constant mean value (300 km-1). Including an FSTD 
results in much larger values of P, particularly in the 
outer range of the Antarctic MIZ. Further, the 
distribution of P varies significantly between the 
different versions of the FSTD model. 

r 

h 

Lateral melt Lateral growth 

Floe welding Wave fracture 

thermodynamic, mechanical, wave processes 
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Figure 5   Mean floe perimeter in the Arctic in March (top) and the Antarctic in September (bottom) resulting from hindcast 
experiments with four representations of wave interactions with the floe size and thickness distribution. 

 

 
Figure 6   Seasonal variation of Arctic-mean ice 
parameters from the FSDv2-WAVE simulation: (top) 
mean floe perimeter, (bottom) contribution to the rate of 
change of the mean floe perimeter from various physical 
processes 
 
We can also see the relative contribution to variation 
in the mean floe perimeter of the various physical 
and mechanical processes in Error! Reference 
source not found., which shows the seasonal 

variation of the mean floe perimeter and its rate of 
change, spatially-averaged over the  
Arctic. The mean perimeter is at its maximum in the 
Northern winter, at which time its variation is 
dominated by new ice formation. In the northern 
summer, wave fracture in combination with lateral 
melt plays an important role in the model.  
 
4. A new wave-ice forecast system for 

Antarctic waters 
In our research programme, we will couple the 
FSTD version of CICE and the spectral wave model 
Wavewatch III. This will produce a fully-coupled 
wave-ice model that will then form the basis of an 
operational forecast system that will provide daily 6-
day forecasts of wave and ice conditions in Antarctic 
waters, with inputs provided by operational global 
weather and ocean forecasts (Figure 7). 
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Figure 7   Ice forecast system for evaluating the benefits 
of wave-ice interaction 

 
5. Testing the forecast system with CICE6.1  

 
Initial results are presented from tests of the 
standard 1° CICE6.1 model forced offline by global 
forecasts of atmospheric and ocean conditions. 
Fracture by wave forcing is turned off. Sea ice 
concentration and thickness are initialised from 
HYCOM sea ice state.  With the FSTD included, the 
forecast sea ice concentration after 6 days shows 
both increases and decreases in both hemispheres 
due to the modified thermodynamics (Figure 8). A 
closer look at results in the Ross Sea (Figure 9, 
Figure 10) indicates that minor issues remain to be 
resolved with the initialisation of the forecasts, but a 
control simulation of CICE without the FSTD 
included (CTRL) shows similar rates of melt over the 
6 days relative to HYCOM, while including the FSTD 
reduces that melt rate due to the dependence of 
lateral melt on floe size.  
 

Figure 8   Day 6 ice concentration forecast for 5th 
February, initiated on the 31st January 2021, for 
HYCOM (top) and the difference between HYCOM and 
CICE6.1 with the FSTD (bottom) 

 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 9   Ross Sea initial HYCOM ice concentration 
(dimensionless area fraction) (top) with the equivalent 
initial CICE concentration from the CICE-FSTD forecast 
system (middle). The change in concentration after 6 days 
including the FSTD is also shown (bottom). 
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Figure 10   Temporal evolution of the mean sea ice 
concentration in the Ross Sea as shown in figure 4. Low 
concentrations of ice are missing from the initialisation of 
the standalone CICE forecasts but the amount of ice lost 
in the CTRL simulation is consistent with HYCOM, while 
the FSTD simulation has reduced ice loss. 

 
6. Next steps 
We are presently implementing a forecast model 
with CICE-FSTD coupled (via OASIS3-MCT) to 
Wavewatch III. This is implemented on a Southern 
Ocean domain (south of 50°S) on a lat/lon grid at a 
resolution of 0.141° in longitude and 0.047° in 
latitude, to provide twice-daily 6-day forecasts at 
00Z and 12Z. 
 Atmospheric (wind, air temperature, humidity, 
precipitation, radiation fluxes) and ocean (salinity, 
temperature, current) inputs are provided by the 
UKMO global weather forecast model, and the 
HYCOM global coupled ice-ocean model, 
respectively, and wave boundary conditions are 
provided by NIWA’s operational wave forecast 
model, which also uses UKMO global wind forcing. 
Ice fields (concentration, thickness, velocity) from 
the HYCOM model are used to initialise the regional 
coupled CICE-FSTD-WW3 forecasts. 
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Abstract 
This paper reports on a study into fender energy dissipation and its effect on moored ship motions in waves. 
Firstly, we analyze fender cyclic load tests, to find the amount of energy dissipated in each compression-
decompression cycle. We then develop a method to model fender load through any compression-
decompression cycle, using a velocity factor based on compression rate. The method is implemented in 
MoorMotions, a nonlinear time-domain solver for moored ship motions and loads. The results are applied to 
the GNSS-measured test case of a bulk carrier moored at Berth 5, Geraldton, in a large-swell event. It is found 
that the inclusion of fender energy dissipation tends to decrease horizontal ship motions by 3-5% and decrease 
fender compressions by 5-10%. 
 
Keywords: moored ship motions, cyclic loading of fenders. 
 
Nomenclature 
CoG Centre of gravity 
DoF Degrees of freedom 
GNSS Global navigation satellite system 
UHDPE    Ultra-high-density polyethylene 
 
1. Introduction 
Specifications for fenders at port berths are chosen 
primarily using the fenders’ energy absorption and 
rated reaction force. The fenders’ energy absorption 
must be able to withstand a ship’s arrival berthing 
energy. The fenders’ rated reaction must be able to 
withstand the compression force produced by 
changing loads on the ship, such as wind and 
current loads. 
 
For a berth subject to wave action, a moored ship 
has cyclic motions. A moored ship’s natural motion 
periods in the horizontal modes (surge, sway and 
yaw) are typically 50 – 200 seconds, in the “long 
wave” range of wave periods ([1], pp.21-22). If long 
waves are present, and especially if the long waves 
are amplified by an enclosed harbour, resonant ship 
motions can occur, leading to large ship motions 
and large mooring loads. In the Port of Geraldton, 
large vessels are only permitted to moor in long 
waves up to 0.12 – 0.15 m, when using standard 
mooring lines. 
 
The amount of damping in the moored ship system 
is important for minimizing moored ship motions and 
loads. Mechanical damping (from fenders, mooring 
lines and any motion damping equipment) may 
become especially important at long motion periods, 
where hydrodynamic damping is small. 
 
In this paper, we attempt to quantify the amount of 
damping through a fender compression-
decompression cycle. We then build this damping 
into a nonlinear dynamic mooring analysis, to 

assess the importance of fender damping on 
moored ship motions in waves. 
 
2. Test case: Sea Diamond at Berth 5 
In this article, we shall use the full-scale test case of 
MV Sea Diamond, moored at Geraldton Berth 5, as 
measured using GNSS equipment on 1st and 2nd 
October 2015 in large-swell conditions. This test 
case is described in [2,3].  
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We shall use measured ship motion data from the 
last hour before departure, which is at the swell limit 
for this berth, as described in [3].  
 
3. Fender compression for moored ship test 

case 
Fender compressions for the Sea Diamond test 
case are shown in Figure 3. Fender compressions 
were calculated using MoorMotions software over a 
1-hour time interval, and validated against 6-DoF 
ship motions, as described in [3]. 
 

 
 

 

Figure 2. (Top) 
Compression in metres; (Bottom) Compression as 
percentage of fender height (1.200m). 

Fender compressions may also be plotted to include 
negative compressions, corresponding to ship distance 
off the fender. These are shown in Figure 4, for the same 
test case. 

 

 
Fender compression rates for the same test case 
are shown in Figure 5. 

 
 

 

 
We see that the maximum rate of fender 
compression is 0.08 m/s. This is around half the 
berthing impact velocity of 0.15 m/s typically used in 
fender design for large ships [4]. 
 
4. Cyclic load testing 
As can be seen from Figure 3, the wave-induced 
motions of the Sea Diamond test case produce 
around 40 fender compressions per hour, with 
amplitude up to 30% of the fender height. This cyclic 
fender loading has fatigue implications for the 
fenders. For example, if the berth has 50% 
occupancy over the year, 40 compressions per hour 
translates to 175,000 compressions per year. 
 
For ports which are affected more by short-period 
waves, the number of fender compressions per hour 
can be much higher than at Geraldton. Fenders may 
experience millions of compressions over their 
lifetimes, almost all of which will be at low deflection 
(<35%). Therefore, durability of the fender is a 
primary concern. The fender designer should 
ensure the quality and longevity of fenders, by 
designing bespoke cyclic load testing programs, in 
consultation with the manufacturer.  
 
5. Cyclic load testing for 400 mm cell fender 
Trelleborg undertook cyclic load testing on a 400 
mm cell fender, for 25,000 cycles at 50% 
compression and 30% shear, with cycle time 10 
seconds [5]. An example measured compression-
decompression curve is shown in Figure 6. 
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We see that the fender is not perfectly elastic; the 
load when decompressing is less than when 
compressing. Work is done on the fender through a 
compression-decompression cycle. The excess 
energy is primarily converted to heat in the rubber.  
This effect is described in ([6], p.358).  
 
The “loss factor”, or “tangent delta”, is a measure of 
the amount of energy lost per cycle during 
deformation of an elastomer. It is the ratio between 
energy lost through a compression-decompression 
cycle (loss modulus), to energy absorbed through 
the compression cycle (storage modulus). 
 
The loss factor is strongly influenced by the choice 
of polymer. The addition of carbon black 
significantly increases the loss factor in rubber 
compounds. Plasticizers may slightly increase the 
loss factor, but in some cases, they can significantly 
reduce it. In natural rubber compounds, the choice 
of accelerator and the amount of sulphur in the cure 
system did not have much impact on the loss factor. 
 
The measured loss factor for the SCK400 fender is 
shown in Table 1. 
 
Table 1   Loss factor for SCK400 fender 

Fender tested Loss factor 
Trelleborg SCK400 cell 
fender [Trelleborg14] 

0.281 

 
6. Cyclic load testing for 55.5 mm cell fender 
Testing was done on small rubber cell fenders with 
55.5 mm height and 80 mm diameter [7]. The test 
fenders were a compound of natural rubber and 
styrene butadiene rubber, with similar properties to 
modern cell fenders and cone fenders. The fenders 
were subjected to cyclic loading and the load-
compression curves measured. Since fender 
damping is primarily a property of the material and 
strain rate, measured damping should be applicable 
to larger fenders. Results are shown in Figure 7. 
 

   
Figure 7    Compression-decompression curves for 55.5 
mm cell fender. Solid line = compression. Dashed line = 
decompression. Data from ([7], Fig. 2 and Fig. 7). 
 
We see that cyclic compressions soften the fender 
over time, with the large-amplitude compressions 
having more softening effect. 
 
The loss factor is shown in Table 2. 
 

Fender tested Loss factor 
Chin-Cheng 55.5 mm 
cell fender [7] 

0.217 – 0.265 

 

7. The Velocity Factor  
Most fender manufacturers publish load-
compression curves for their fenders. These are 
typically measured under very slow-speed 
compression. An example for Trelleborg cell 
fenders is shown in Figure 8. 
 

 
Figure 8    Load-compression curve for Trelleborg cell 
fenders, from ([8], p.21). 
 
For faster compression, the reaction force is higher; 
a Velocity Factor is applied to the rated load-
compression curve. For Trelleborg cell fenders, the 
Velocity Factor is shown in Table 3. 
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Table 3   Velocity Factor for Trelleborg cell fenders ([8], 
p.22) 

Compression 
time (s) 

Compression 
rate (%/s) 

Velocity Factor 

1 52.5 1.20 
2 26.3 1.16 
3 17.5 1.14 
4 13.1 1.13 
5 10.5 1.11 
6 8.8 1.10 
7 7.5 1.09 
8 6.6 1.09 
9 5.8 1.08 
10 5.3 1.07 
11 4.8 1.07 
12 4.4 1.06 
13 4.0 1.06 
14 3.8 1.05 
15 3.5 1.05 
16 3.3 1.05 
17 3.1 1.04 
18 2.9 1.04 
19 2.8 1.04 
20 2.6 1.03 

 
The Velocity Factor is given in terms of the 
“compression time” from initial impact to the rated 
deflection (52.5% for Trelleborg cell fenders). We 
have also shown the “compression rate” as an 
additional column in Table 3. This is calculated as 
the average compression rate (rated deflection 
divided by compression time). However, we shall 
also use it as the instantaneous compression rate, 
to specify the fender load in terms of compression 
and compression rate, for dynamic mooring 
analysis. That is, we calculate the “slow-speed” 
fender load from the published load-compression 
curve, then multiply this by the appropriate Velocity 
Factor, based on compression rate. 
 
For the cyclic load tests shown in Figure 6, the 
compression rate is sinusoidal in time. Using the 
measured compression rate, the corresponding 
Velocity Factor (from Table 3) is shown in Figure 9. 
 

 
Figure 9    Calculated Velocity Factor for SCK400 fender 
during compression phase of cyclic load testing 
 
We can divide by the Velocity Factor to calculate the 
equivalent slow-speed compressing curve for the 
SCK400 measurements, as shown in Figure 10.  
 

 
Figure 10    Compression-decompression curve for 
Trelleborg SCK400 cell fender during cyclic load testing, 
together with equivalent slow-speed compressing curve 
 
Velocity Factors are generally not published for 
negative compression rates (while the fender is 
decompressing). Here we shall use Figure 10 to 
calculate Velocity Factors for the SCK400 fender 
while decompressing. The corresponding Velocity 
Factor is shown in Figure 11. 
 

 
Figure 11    Calculated Velocity Factor for SCK400 fender, 
during decompression phase of cyclic load testing 
 
We see that the Velocity Factor while 
decompressing is approximately 0.8, over most of 
the decompression cycle. Combining Figure 9 and 
Figure 11 gives the Velocity Factor over the whole 
compression-decompression cycle, as shown in 
Figure 12. 
 

 
Figure 12    Velocity Factor for SCK400 fender, over 
complete compression-decompression cycle 
 
In order to use the Velocity Factor in a dynamic 
mooring analysis, we aim to specify it in terms of 
compression rate, as shown in Table 3 for positive 
compression rates. For decompression, plotting the 
Velocity Factor against compression rate gives the 
results shown in Figure 13. The lower 25% of fender 
compressions are not shown, as these produce very 
small loads. 
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Figure 13    Calculated Velocity Factor for SCK400 fender 
while decompressing, plotted against compression rate. 
A simple approximation to the measured curve is also 
shown. 
 
The Velocity Factor can now be specified in terms 
of positive compression rates (using Table 3) and 
negative compression rates (using Figure 13). The 
result is shown in Figure 14. It is important that the 
Velocity Factor is a continuous function of 
compression rate, to ensure smooth behaviour of 
time-domain dynamic mooring analysis. 
 

 
Figure 14    Velocity Factor for SCK400 fender, as a 
function of compression rate 
 
8. Application to fenders at Geraldton Berth 

5 
Geraldton Berth 5 uses Trelleborg Super Cone 
SCN1200 E1.1 fenders, which have the same 
characteristics as the F1.1 fenders described in ([8], 
p.9). The fenders are fitted with low-friction UHDPE 
facing panels. The slow-compression load-
compression curve for these fenders is shown in 
Figure 15. 
 

 
Figure 15    Load-compression curve for Trelleborg Super 
Cone fenders, as used at Geraldton Berth 5 
 
The Velocity Factor for positive compression rates 
is shown in Table 4. 
 

Table 4   Velocity Factor for Trelleborg Super Cone 
fenders ([8], p.12). 

Compression 
time (s) 

Compression 
rate (%/s) 

Velocity Factor 

1 72.0 1.20 
2 36.0 1.16 
3 24.0 1.14 
4 18.0 1.13 
5 14.4 1.11 
6 12.0 1.10 
7 10.3 1.09 
8 9.0 1.09 
9 8.0 1.08 
10 7.2 1.07 
11 6.5 1.07 
12 6.0 1.06 
13 5.5 1.06 
14 5.1 1.05 
15 4.8 1.05 
16 4.5 1.05 
17 4.2 1.04 
18 4.0 1.04 
19 3.8 1.04 
20 3.6 1.03 

 
Again, we have included an extra column of 
“compression rate”, which is the average 
compression rate (rated deflection divided by 
compression time). 
 
For negative compression rates, we do not have 
Velocity Factor data for the Super Cone fenders. 
However, noting that Super Cone fenders use the 
same blend of natural and synthetic rubber as the 
cell fenders analyzed in Section 7, and that Velocity 
Factor should be primarily a function of the material 
and strain rate, we shall use the same Velocity 
Factor as developed in Figure 13. 
 
The resulting Velocity Factor, over the complete 
range of compression rates, is shown in Table 5. 
 
Table 5   Modelled Velocity Factor for SCN1200 fenders, 
as used in dynamic mooring analysis for Geraldton Berth 
5 

Compression rate 
(%/s) 

Velocity Factor 

-16 0.80 
-12 0.80 
-8 0.80 
-4 0.90 
0 1.00 
4 1.04 
8 1.08 
12 1.10 
16 1.12 
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9. Time-domain moored ship motions and 

loads 
The nonlinear time-domain solver MoorMotions 
(www.moormotions.com) was used to study the 
effect of fender damping for the Sea Diamond test 
case. MoorMotions uses the fourth-order Runge-
Kutta time-stepping method ([9], p.710) to solve the 
equation of motion ([10], eq.4.23): 

��𝑀𝑀𝑖𝑖𝑖𝑖 + 𝐴𝐴𝑖𝑖𝑖𝑖(∞)��̈�𝑥𝑖𝑖

6

𝑖𝑖=1

= 𝑋𝑋𝑖𝑖
(1) + 𝑋𝑋𝑖𝑖

(2) + 𝐹𝐹𝑖𝑖
(lines) + 𝐹𝐹𝑖𝑖

(fenders)

−�𝐶𝐶𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖

6

𝑖𝑖=1

+ 𝐵𝐵𝑖𝑖
(viscous)

−��𝐿𝐿𝑖𝑖𝑖𝑖(𝜏𝜏)�̈�𝑥𝑖𝑖(𝑡𝑡 − 𝜏𝜏)𝑑𝑑𝜏𝜏
6

𝑖𝑖=1

∞

0

 

 
The symbols are defined as follows: 
𝑥𝑥𝑖𝑖=motion in each degree of freedom, 𝑗𝑗 = 1, … ,6 
𝑀𝑀𝑖𝑖𝑖𝑖 =mass matrix 
𝐴𝐴𝑖𝑖𝑖𝑖(∞) =added mass at infinite frequency 
𝑋𝑋𝑖𝑖

(1) =first-order wave load 
𝑋𝑋𝑖𝑖

(2) =second-order wave load 
𝐹𝐹𝑖𝑖

(lines) =net force produced by mooring line tension 
at each instant in time 
𝐹𝐹𝑖𝑖

(fenders) =net force produced by fenders at each 
instant in time 
𝐶𝐶𝑖𝑖𝑖𝑖 =linear restoring coefficients 
𝐵𝐵𝑖𝑖

(viscous)=additional viscous damping (e.g. roll) 
𝐿𝐿𝑖𝑖𝑖𝑖(𝜏𝜏) =hydrodynamic impulse response functions 
 
The coordinate system used is: 
𝑥𝑥1= “surge” (fore-aft CoG motion, positive forward) 
𝑥𝑥2 = “sway” (transverse CoG motion, positive port)  
𝑥𝑥3 = “heave” (vertical CoG motion, positive up)  
𝑥𝑥4 = “roll” (angle, positive to starboard)  
𝑥𝑥5 = “pitch” (angle, positive bow-down)  
𝑥𝑥6 = “yaw” (angle, positive bow-to-port).  
 
Further details, together with basic MoorMotions 
settings for the Sea Diamond test case, are 
described in [3].  
 
10. Calculations for Sea Diamond test case 
Here we calculate moored ship motions and loads 
for the Sea Diamond test case, with and without 
fender energy dissipation. All settings are as used 
in [3], except as modified here. A line pre-tension of 
0.5 tonnes is used in all lines. 
 
We firstly do “free decay” calculations, without and 
with fender damping. Results are shown in 
Figure 16 and Figure 17. 
 

 
Figure 16    Sway free decay test, without and with fender 
energy dissipation 

 

 
Figure 17    Yaw free decay test, without and with fender 
energy dissipation 
 
We see that fender energy dissipation has a small 
effect on the free-decay motions, reducing the sway 
amplitude after one cycle by 3% and reducing the 
yaw amplitude after one cycle by 4%. Clearly, other 
damping mechanisms (principally hydrodynamic 
damping) have a dominant effect on the sway and 
yaw motions. 
 
We now run the same test case as described in [3], 
for Sea Diamond moored at Berth 5 in large-swell 
conditions. Results showing the effect of fender 
energy dissipation are shown below. Results are 
averaged over 10 runs with different input wave 
phasing. 
 
Table 6   Comparative moored ship motions for Sea 
Diamond test case. Results are maximum peak-to-peak 
values in a one-hour period. 

 Without 
fender 
energy 
dissipation 

With fender 
energy 
dissipation 

% 
change 

Surge 2.776 m 2.692 m -3% 
Sway 1.557 m 1.473 m -5% 
Heave 0.182 m 0.182 m 0% 
Roll 0.413˚ 0.411˚ 0% 
Pitch 0.142˚ 0.144˚ +1% 
Yaw 1.360˚ 1.318˚ -3% 
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Table 7   Comparative moored ship line loads for Sea 
Diamond test case. Results are maximum values in a 
one-hour period. 

 Without 
fender 
energy 
dissip-
ation 

With 
fender 
energy 
dissip-
ation 

% 
change 

Stern lines 5.30 t 5.38 t +1% 
Aft breast 12.97 t 12.68 t -2% 
Aft spring 17.91 t 16.90 t -6% 
Fwd spring 9.21 t 9.15 t -1% 
Fwd breast 14.15 t 13.05 t -8% 
Head lines 6.41 t 6.35 t -1% 

 
Table 8   Comparative moored ship fender compressions 
for Sea Diamond test case. Results are maximum values 
in a one-hour period. 

 Without 
fender 
energy 
dissip-
ation 

With 
fender 
energy 
dissip-
ation 

% 
change 

Fender 2 0.348 m 0.332 m -5% 
Fender 3 0.199 m 0.188 m -6% 
Fender 4 0.375 m 0.340 m -9% 

 
 
11. Conclusions 
The conclusions from this study are as follows: 
• Cyclic loading and fatigue are important issues 

for fenders in wave-exposed ports, as the 
fenders can have hundreds of thousands of 
compressions per year. 

• Conventionally, a fender system selection and 
design process considers fender compression 
for a small number of cycles (3000 as per 
PIANC guidelines).  Designers must take into 
consideration the huge number of low-
compression cycles a fender system has to go 
though in permanent mooring situations. Low 
compression with high frequencies generates 
heat in the fender body which has impacts on 
the ageing process of a rubber fender. Hence, 
selection of proper height, compound and grade 
of fenders becomes crucial.  

• Fender impact velocities, while a ship is moored 
in waves, are comparable to initial berthing 
velocities. 

• Fenders are not perfectly elastic, but dissipate 
some energy as heat, through each 
compression-decompression cycle. 

• The fender damping effect can be included in a 
dynamic mooring analysis, by using a Velocity 
Factor, together with the published load-
compression curve. 

• The Velocity Factor needs to be a continuous 
function of compression rate. It is greater than 1 
for positive compression rate, and less than 1 
for negative compression rate. 

• The Velocity Factor may be found from cyclic 
load testing of fenders. For Trelleborg rubber 
fenders, an appropriate Velocity Factor has 
been developed in this report and applied to a 
full-scale test case in Geraldton. 

• Calculations show that for the Geraldton test 
case, fender energy dissipation decreases the 
horizontal ship motions by 3-5% and decreases 
the fender compressions by 5-10%. 

• Unused, freshly cured fenders were used for the 
experimental data in this report.  Some of the 
above conclusions may differ for used fenders. 
Similar studies should be conducted using 
naturally or artificially aged fenders, which was 
beyond the scope of this paper 

 
 
12. References  
[1] PIANC (1995) Criteria for movements of moored ships 
in harbours. Report of WG 24.  

[2] Gourlay, T.P. (2017) Moored ship motions in the Port 
of Geraldton. Presented to the Nautical Institute, March 
2017, Perth. 

[3] Gourlay, T.P. (2019) A coupled ship and harbour 
model for dynamic mooring analysis in Geraldton 
Harbour. Proceedings, Coasts and Ports 2019, Hobart. 

[4] PIANC (2002) Guidelines for the design of fender 
systems. Report of WG 33. 

[5] Trelleborg (2014) Test results – marine fender 
durability test – fender SCK400. Report 1207219-01. 

[6] Thoresen, C.A. (2003) Port Designer’s Handbook: 
Recommendations and Guidelines. Thomas Telford. 

[7] Wu, C.-C. and Chiou, Y.-C. (2019) Stress-strain 
response of cylindrical rubber fender under monotonic 
and cyclic compression. Materials, Vol. 12, pp. 282-298. 

[8] Trelleborg (2020) Fender Systems, 24th June 2020. 
Retrieved from www.trelleborg.com .  

[9] Press, W.H., Teukolsky, S.A., Vetterling, W.T., 
Flannery, B.P. (1999) Numerical Recipes in C, 2nd Edition. 
Cambridge University Press. 

[10] van Oortmerssen, G. (1973) The motions of a moored 
ship in waves. Publication No. 510, Netherlands Ship 
Model Basin. 

 

489

http://www.trelleborg.com/


Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Establishing Design Criteria for a Large Offshore Wind Farm in Vietnam 
Dougal Greer, Ed Atkin, Shaw Mead, Jose Borrero, Andrew Watson and Bernard Casey 
 
Establishing Design Criteria for a Large Offshore Wind Farm in Vietnam 

 
Dougal Greer1, Ed Atkin1, Shaw Mead1, Jose Borrero1, Rhys McIntosh1, Sam O’Neill1, Andrew Watson2 and 

Bernard Casey3 

1 eCoast, NEW ZEALAND.  
email: d.greer@ecoast.co.nz  

2 MetOceanWorks Ltd, UK 
3Mainstream Renewable Power 

Abstract 
Marine construction projects often require a detailed characterisation and analysis of metocean conditions for 
the purpose of defining construction design criteria, risk analysis and estimating construction work windows. 
This paper describes the process used to provide metocean design criteria and operational statistics for the 
first phase of the proposed 1,400 MW Phu Cuong Soc Trang wind farm which upon completion will be the 
largest offshore wind farm in Southeast Asia. The construction area is located between 4 and 15 km offshore 
of the southern coast of the Mekong Delta in Vietnam. The current design may adopt either monopile on multi-
pile raised concrete foundations for the turbines that are to be installed in a substrate of deep mud that overlies 
dense sand providing a challenging design and construction environment. 
 
One of the most significant challenges was the collection of data in this remote area with little marine 
infrastructure. Challenges included gathering year-round oceanographic data in persistently energetic 
conditions, sourcing equipment and vessels to undertake the work and navigating many kilometres of intertidal 
mud flats for instrument deployments and bathymetric surveys. Nonetheless, bathymetric data was collected 
covering an area of more than 360 km2 and wave, current and sea level data were successfully recorded 
throughout the most energetic months. Surveys also quantified expected marine growth and mapped all 
permanent fishing structures in the area. 
 
The field data were analysed in a desktop study that provided information on wind, waves, currents, tsunamis 
and typhoons. Non-typhoon conditions were studied through long-term modelling of coupled waves and 
hydrodynamics. Typhoon activity in the area is sporadic leading to a sparse historical record. A numerical 
modelling approach was used to simulate all the historical typhoons to form the basis of subsequent extreme 
value analysis to arrive at final design criteria for wind farm design. Tsunami modelling considered worst case 
tsunamigenic currents and sea levels from all relevant sources. 
 
Keywords: offshore wind, cyclones, typhoons, waves, currents, tsunami, modelling, fieldwork 
 
1. Introduction 
In recent years there has been a continued 
expansion of offshore wind energy. However, 
construction of wind turbines in the marine 
environment represents a significant engineering 
challenge. As with other marine construction 
projects, offshore wind turbine construction often 
requires a detailed characterisation and analysis of 
metocean conditions for the purpose of defining 
construction design criteria, risk analysis and 
estimating construction work windows.  
 
This paper describes the process used to provide 
metocean design criteria and operational conditions 
for the first phase of the proposed 1,400 MW Phu 
Cuong Soc Trang, wind farm which upon 
completion will be the largest offshore wind farm in 
South East Asia. The construction area is located 
between 4 and 15 km offshore of the southern coast 
of the Mekong Delta in Vietnam (Figure 1). The 
current design may adopt either monopile or raised 
concrete multi-pile foundations for the turbines that 
are to be installed in a substrate of deep mud 
overlying dense sand providing a challenging 
design and construction environment. The first 
phase of the wind farm is to be constructed in 2 

blocks known as Phase 1a (2.5 to 7 m depth CD) 
and Phase 1b (7.5 to 14 m depth CD). The project 
is owned by Mainstream Renewable Power (MRP) 
and The Phu Cuong Group, and the metocean 
study presented here was undertaken by eCoast 
environmental consultancy based in New Zealand.  
 

 
Figure 1  The study site on the south coast of Vietnam’s 
Mekong Delta. The proposed windfarm blocks are shown 
by orange polygons. 
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2. Method 
This study has been undertaken as a series of field 
work campaigns and a desktop-based modelling 
exercise, both of which are presented here. 
 
2.1 Field Data Collection  
The first component of this project was a large-scale 
field work campaign. Subsequent modelling 
presented in this paper makes use of data collected 
during the campaign. The field work was 
undertaken over the years of 2018 to 2019 
inclusive. The campaign included the collection of 
wave, current and sea level data, hydrographic 
surveys of the blocks and surrounding areas, 
marine growth data, surveys of all permanent 
fishing structures in the vicinity and water and 
benthic sediment sampling.  
 
Field operations were undertaken from Trần Đề due 
to its proximity to services and the ability to launch 
on all tides. Though Vĩnh Châu is closer to the 
present study site, a field vessel could only launch 
or dock at mid to high tide. For most of the field 
operations no suitable field vessel could be 
identified at Trần Đề and the nearest appropriate 
vessel that could be identified was maintained by 
the Mekong Adventure Company located in Ho Chi 
Minh City (Figure 2). For each trip the survey vessel 
was transported through the Mekong waterways to 
the port at Trần Đề (approximately 250 km each 
way). For the final instrument checks and 
recoveries, a local fishing boat was used launching 
from Vĩnh Châu. 
 

Figure 2  The survey vessels used for the field work.  
 
Wave, current and sea level data were collected 
using an Acoustic Doppler Current Profiler (Nortek 
Aquadopp Profiler) located in between the Phase 1a 
and 1b blocks. The instrument was deployed on the 
seabed secured to an aluminium frame (Figure 3) 
and secured in place with concrete blocks put in 
place by scuba divers. The environment was 
challenging for divers due to very low visibility, 
strong currents and the prevalent ghost fishing nets. 
Due to a significant risk to deployed instruments 
from widespread bottom trawling from the local 

 
1 https://www.ncdc.noaa.gov/ibtracs/ 

fishing activity the instrument was deployed without 
a surface marker and was attached to the base of 
the M2 LiDAR platform (7.5 m CD) using 10 mm 
gauge chain. The instrument recorded data for 103 
days over Deployments 1 (25 Aug – 23-Sep) and 2 
(23-Sep – 6 Dec). This is a highly energetic time of 
year from the perspective of wind and waves.  
 

 
Figure 3  Nortek Aquadopp profiler instrument ready 
for deployment. 
 
During the fieldwork, four typhoons passed through 
the East Sea (Figure 4) though none of them 
passed close enough to affect the data recorded as 
part of the fieldwork. Typhoon Nakri was the largest 
of the four and came closest to the study site with 
wind speeds up to 60 knots before making landfall. 
 

 
Figure 4  The four typhoons that passed through the 
East Sea during the instrument deployment. The 
black dot shows the location of the study site (Data 
source: IBTrACS1). 
 
The hydrographic survey covered Phase 1a and 
Phase 1b as well as other areas of interest in the 
surrounding area. Surveys were conducted using 
kinematic GPS for horizontal and vertical 
positioning. A 200 khz transducer was fixed below 
the waterline directly beneath the GPS receiver. 
Horizontal position, elevation and depth data were 
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simultaneously collected at 5 Hz over Phase 1a and 
1b and at 1 Hz elsewhere. Vertical measurements 
were converted to depth-above-seabed relative to 
Chart Datum (CD) and Mean Sea Level (MSL). The 
final survey data are shown in Figure 5. 
 

 
Figure 5  Hydrographic survey data gathered as 
part of the field data campaign. Depths are 
referenced to MSL.  
 
Wind data were not collected as part of this 
fieldwork campaign, but they were recorded by the 
LiDAR instruments at the M1 and M2 locations. The 
wind data from the M2 wind station is adjacent to 
the instrument deployment location, however, the 
wind record from the M1 wind station is longer and 
covers the instrument deployments in their entirety. 
A comparison between the M1 and M2 wind records 
has shown that they are very similar in terms of wind 
strength and direction. Wind speed and direction for 
both deployments is presented as wind roses in 
Figure 6. The wind roses show considerably more 
SW wind during Deployment 1. Wind speeds were 
generally below 15 m/s. Long term wind records 
were taken from NCEPs CFSR dataset which 
provided a 40 year record of modelled wind. This 
wind record was converted to a range of heights 
using the Frøya wind profile and validated against 
the measured LiDAR data (r2 0.72 to 0.74). Squalls 
were investigated in the measured wind data though 
only two were identified in the record and their more 
general prevalence and severity in the area is not 
known. 
 

 
Figure 6  Wind roses (10 m) from the M1 LiDAR 
platform for each deployment. 
 

Marine growth can result in significant additional 
loads to marine structures. The investigation 
presented here was undertaken to assess the 
marine fouling that could be expected to occur on 
the proposed wind farm structures. Specifically, the 
aim was to determine the types of marine organisms 
inhabiting existing structures, the thickness and 
density of organic cover and the zonation patterns. 
 
Existing structures on the Mekong Delta were 
surveyed in mid-November and late-December 
2019 at low tide to consider the types of organisms, 
the thickness and spatial extent of cover and 
zonation. These included concrete and steel 
structures (access wharfs and jetties, and channel 
markers) and wooden structures (i.e. the large poles 
deployed for set-nets). For security reasons the 
existing wind farm structures at the nearby Bạc Liêu 
could not be surveyed for marine growth. 
 
Direct measurements, collection of sample species 
and video/photographs were used to collect the 
required data, which was also converted into 
density using the conversion factors developed by 
[6][7]. Namely, the density of various classes of 
marine organisms (e.g. bivalves, gastropods, 
crustaceans, sponges, bryozoans, hydroids, 
filamentous algae, foliate algae, etc.) was 
determined by firstly removing excess seawater on 
the organisms, and then weighing them on 
electronic scales (weights were rounded to the 
nearest gram). The organisms were then placed in 
a 1 litre graduated beaker (millilitre graduations) that 
was pre-filled with 500 ml of seawater and the 
displacement was recorded and converted to 
density. 
 
Fishing structures were identified throughout the 
course of the fieldwork activities (e.g. Figure 7). A 
watch was kept by the captain and crew for fishing 
structures in the water. Fishing structures were only 
found around the mouth of the Sông Hậu River and 
generally in shallower water taking the form of rows 
of poles in a line with close spacing (typically 
approximately 15 m apart) with nets strung between 
them. 
 

 
Figure 7  An example of semi-permanent fishing 
structures around the Sông Hậu River Mouth 
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2.2 Wave Modelling  
Wave hindcasting was undertaken using the wave 
model SWAN (Simulating WAves Nearshore) which 
is part of the Delft3D model suite.  
 
The hydrographic data was used to create 
bathymetry grids for the models. Model 
bathymetries were interpolated from a point cloud 
derived from a number of sources. In order of 
precedence these included: 

• Survey data from the field work component 
of this project. 

• The survey undertaken by EGS [3] 
• Digitised hydrographic chart data (BA 3986) 
• A hydrographic survey of the Sông Hậu 

undertaken by the HCMC University of 
Science ([10], pers. comm.) 

• Transects of the Sông Hậu River [9], (data 
provided by the authors) 

• General Bathymetric Chart of the Oceans 
(GEBCO) 

• Shuttle Radar Topography Mission (SRTM) 
topography data [5] 

 
Spectral wave boundary conditions were applied to 
the open boundaries of the largest model grid. The 
data source was the hind-casted, 2-dimensional 
wave spectra from the European Centre for 
Medium-Range Weather Forecasts’ (ECMWF) 
ERA5 0.5 x 0.5 degrees (approximately 55km by 
55km) resolution database [1]. The spectral data 
has 24 directions and 30 frequencies from 0.0345 to 
0.5473 Hz. Data are available every six hours 
between 1979 and present. Spatially and temporally 
varying wind boundary conditions were derived from 
the NCEP CFSR dataset. This provided hourly wind 
data on a grid with a resolution of 0.312 by 0.312 
degrees from 1979 until 2011 and 0.205 by 0.204 
degrees from 2011 onwards. Sea level variability 
was simulated in the model using tides only. Tidal 
timeseries were extracted from the TPXO wave 
atlas [4]. The model used three nested grids to 
provide increased resolution over the proposed 
study site. The highest resolution grid was created 
with a resolution of 400 m by 400 m.  
 
The wave model was used to simulate 39 years of 
waves around the study site for the years of 1979 to 
2018. The model was run in third-generation mode 
with a timestep of 3 hours. The model was 
calibrated by adjustment of bottom friction and wind 
drag coefficients and using wave statistics recorded 
as part of the field data collection component of this 
project. 
 
Measured wave data was collected during the most 
energetic time of the year from the point of view of 
wind and associated wind waves. Modelled wave 
parameters were compared with measured data to 
calibrate Significant Wave Height (Hs), Peak 
Direction (Tp), Mean Direction (Dm), Peak Period 

(Tp) and Mean Period (Tz). Time series 
comparisons are presented in Figure 8. 
 
The measured record captured some reasonably 
energetic wave events in both the south-west and 
north-east monsoon seasons. Broadly, the 
variability in Hs was reproduced well by the model 
although occasional measured peaks were slightly 
underestimated by the model (r2 of 0.43 and 0.45 for 
Deployments 1 and 2). Peak and mean wave 
direction were reproduced well by the model as 
were wave directions. Measured wave spectra were 
also well reproduced by the model (Figure 9) though 
high period energy is occasionally overestimated by 
the model. 
 

 
Figure 8  Measured and modelled wave parameters 
recorded during Deployment 1. 

 
Figure 9  Measured (upper) and modelled (lower) 
wave spectra for Deployment 1. 
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2.3 Hydrodynamic Model 
Hydrodynamics were modelled using the Delft3D-
Flow coupled with Delft3D-Wave from the Delft3D 
Model Suite which is an industry standard for 
hydrodynamic numerical modelling. The modelling 
setup used a 2-way coupled nest using Domain 
Decomposition (DD). The hydrodynamic model was 
also two-way coupled with the Delft3D-Wave wave 
model. The model was run in 3D to resolve surface 
wind driven currents and used 5 sigma layers with 
thicknesses of 2.5%, 10%, 15%, 25%, 47.5% (from 
surface to seabed). Thinner layers were used near 
the surface which are expected to be larger and 
were used for subsequent analysis in determining 
hydrodynamic based design criteria. The model was 
run for 20 years. Boundary conditions for waves and 
tides are as described in the previous section. Non-
tidal 3-hourly open boundary conditions were 
sourced from the global ocean circulation model 
HYCOM. River flow from the Can Tho River gauge 
(Can Tho University, Pers. Comm.) provided long 
term hourly river flow. 
 
Comparisons of modelled and measured sea level 
are shown in (Figure 10). Sea level was 
overpredicted by the model and consequently a 
multiplier of 0.85 was applied to the modelled sea 
level. Generally, the adjusted model output 
predicted sea level well although it occasionally 
overpredicted the tidal range during spring tides and 
underestimated it during neap tides.  
 
Comparisons of modelled and measured current 
characteristics are shown in (Figure 11). The 
currents are a complex combination of tide and 
wind/wave effects. The tidal signal was evident 
through the water column, but the signal was 
strongly influenced by the changes in wind strength 
and direction with stronger wind driven currents 
evident under north-easterly winds. At the surface 
the model generally reproduced the current speeds 
and directions well though an offset of 
approximately 30 degrees is seen in the direction 
calibration of deployment two, possibly due to an 
instrument error. Overall, the hydrodynamic model 
was shown to be fit for use for long term model runs. 
 
2.4 Typhoon Modelling 
Overall, the coast of Vietnam is vulnerable to 
typhoons making landfall, however typhoons are 
much less frequent in Southern Vietnam than in the 
northern and central regions. This is mainly 
because the Coriolis effect, which is needed to 
initiate and maintain typhoon rotation, is much 
weaker at low latitudes [8]. Many of the typhoons 
that make landfall in Southern Vietnam are lower 
grade tropical depressions or tropical storms. 
Nonetheless, in the monsoonal climate of Southern 
Vietnam, these weather systems likely represent 
the most energetic sources of wind and wave 
energy. 

 

 
Figure 10  Measured and modelled sea level 
variability.  
 

 
 
Figure 11  Measured and modelled surface current 
speed and current direction (bottom).  
 
Data describing the path and parameterisation of 
typhoons was obtained from the best track 
database maintained by the Joint Typhoon Warning 
Centre (JTWC). Where there were gaps in the data 
the IBTrACS database was used to fill in missing 
data. This provided a record describing the paths, 
wind and pressure for 34 typhoons and lower grade 
storms, that have affected the Mekong Delta since 
1961. 
 
The grid resolution of the NCEP CFSR model is 
insufficient to accurately represent the strong 
variations of the wind gradients in typhoons. For 
storm surge simulations with Delft3D-FLOW, a 
Wind Enhance Scheme (WES) was used using a 
Holland model to generate a wind field on a 
‘spiderweb’ grid which is a polar coordinate system 
with a centre that tracks the centre of the typhoon 
over time. This allows for increased resolution in the 
wind field where it is needed. 
 
Of the 34 typhoons, 33 were modelled in detail using 
the hydrodynamic model. Many of the typhoons had 
limited effect on the study site but Typhoon Linda in 
1997 was notable in that it represented a direct hit 
on the study site providing the largest impacts. A 
summary of the model results for Typhoon Linda are 
shown in Figure 12. No measured wave data were 
available for calibration however the sea levels 
produced were compared with local gauges. Near 
the study site, the model produced a maximum sea 
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level of 1.9 m compared with the measured 
maximum of 1.5 m at Ganh Hao. 
 

 
Figure 12  Modelled Hs (top), sea level (middle) and 
wind speed (bottom) associated with the passage of 
Typhoon Linda which was a direct hit on the study 
site. 
 
2.5 Tsunami Modelling 
Tectonically, the Southeast Asian region is relatively 
complex sitting between two major subduction 
zones: Indonesia’s to the west and the Philippines’ 
to the east. In between, there are numerous smaller 
faults criss-crossing the region. Notable features 
are the Manila Trench, which is the large subduction 
zone running north to south along the west coast of 
Luzon Island, the north-south trending faults along 
the east coast of Vietnam and the northeast-
southwest trending faults in the northern portion of 
the East Sea. Of these, only the Manila Trench is 
considered to be a credible large scale tsunami 
source as the other two are thought to be only 
weakly active and only capable of producing small 
to moderate earthquakes [2]. 
 
For the tectonic tsunami source, we used the MOST 
(Method Of Splitting Tsunami) algorithm and the 
Community Model Interface for Tsunamis 
(ComMIT) numerical modelling tool. The ComMIT 
model interface was developed by the United States 
government National Oceanic and Atmospheric 
Administration’s (NOAA) Centre for Tsunami 
Research (NCTR). Three large events were 
modelled for this project (see Table 1). 
Table 1   Fault dimensions and slip amounts for the 
tectonic tsunami sources based on [2]. 

 Magnitude 
(MW) 

Length 
(km) 

Width 
(km) 

Slip 
(m) 

Source 
1 9.0 600 100 14.8 

Source 
2 9.0 600 100 Variable 

Source 
2 9.0 500 100 variable 

 

3. Results 
 
3.1 Extreme Value Analysis  
A Peaks over Threshold (PoT) method was applied 
to modelled data to calculate design criteria. 
Extreme value analysis was undertaken to provide 
1- and 50-year return period for typhoon and non-
typhoon conditions for: 

• Directional and Omni-directional wind 
speeds from 10 to 110 m elevation (in 
increments of 10 m). (Downscaled NCEP & 
WES model) 

• Directional and omni-directional wave 
heights and periods. (SWAN) 

• Directional and omni-directional current 
speeds. (Delft) 

• Water level. (Delft) 
Extreme values were calculated using a range of 
distributions (Weibull, exponential and Generalized 
Pareto) and a range of different optimisation 
strategies (Method of Moments (MoM), L-Moments, 
the Maximum Likelihood Estimator (MLE) and 
Maximum Product Spacing) for various numbers of 
peaks/thresholds (20 to 250 peaks in increments of 
5). After discarding poor fits, representative fits were 
identified. This is generally a fit whose 100-year 
extreme value is slightly above the mean of the 100-
year extreme value of all remaining fits. However, 
some subjectivity is included to take into account 
the level of conservatism considered appropriate. 
Selected results for the 50 year return period are 
shown in Table 2 
Table 2   Selected 50-year return period results for a 
range of metocean parameters. 

Variable Units Phase 
1a 

Phase 
1b 

Omni-directional 
extreme cyclone 
wind speeds 
[m/s] at 110m 
above sea level 

1-Hour  36.7 37.1 

10-Min  38.8 39.2 

1-Min  41.5 42 

15-Sec  43.1 43.6 

5-Sec  44.4 44.9 

3-Sec  45.0 45.6 

Omni-directional 
extreme cyclone 
wave heights 
and associated 
parameters 

Hs (m) 4.3 5.2 

Tz (s) 6.7 7.3 

Tp (s) 9.4 10.3 
Cmax 
(m) 6.7 6.6 

Hmax 
(m) 8.1 9.6 

Tass (s) 8.5 9.3 

Omni-directional 
extreme cyclone 
surface current 
speeds [m/s]. 

(m/s) 2.25 2.44 
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3.2 Operational Reporting 
Model results and datasets were post-processed to 
provide a range of monthly and annual operational 
statistics including: 

• Wave characteristics. 
• Wind speed & direction. 
• Current speed. 
• Sea water criteria (temperature, salinity and 

density). 
• Wind wave misalignment. 

 
Other operational quantities include: 

• Joint frequency distributions. 
• Depth induced breaking. 
• Spectral wave characterisation. 
• Current profiles 

 
3.3 Tsunami 
In general, the results show that this region is not 
strongly affected by tsunami waves emanating from 
the Manila trench, even for very large, very rare 
events (Figure 13). For the largest modelled event, 
which featured an extra 100 by 100 km fault plane 
area at 25 m slip, the peak heights increase to ~ 1.0 
m at the inshore location and ~0.75 m for the 
offshore location with current speeds that do not 
exceed 0.5 m/s.  
 

 
Figure 13  Maximum regional computed tsunami 
amplitudes (top). Local maximum current speed at 
the study site (lower right) and maximum local 
amplitude (lower left). 
 

3.4 Marine Growth 
Overall, there were found to be few species 
colonising permanent structures around the study 
site. Crustaceans were limited to 2 species of 
barnacles, 2 species of gastropods (whelks and top-
shells), 1 species of filamentous red algae and a 
single species of filamentous green algae were the 
organisms found in all surveys combined. These 
results are attributed to the very poor water quality 
with respect to light-penetration/sediment load.  
 
4. Summary  
This study successfully gathered field data 
completed a range of numerical modelling studies 
to provide design criteria and operational statistics 
for the construction of the proposed Phu Cuong 
offshore wind farm. 
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Abstract 

Jack up Barges (JUBs) or Self Elevating Platforms (SEPs) are well used internationally but in New Zealand 
there are only three JUBs, operating across a range of port and marine construction projects.  

 

While the oil and gas industry is heavily regulated for large elevated platforms that can carry upwards of 1000t, 
the New Zealand marine construction sector does not have an agreed standard or Code of Best Practice for 
managing JUBs in New Zealand. Many incidents, both internationally and closer to home, have shown that 
catastrophic failure could result without effective management.  

 

This paper discusses the key risks associated with the safe operation of a JUB such as dynamic loading from 
onboard plant and equipment, the impact of bathymetry and foundation soils, and structural integrity of the 
unit. Each of the risks is presented with real examples of events and our learnings from them. 

With this knowledge, the authors have worked with other subject matter experts and developed key operating 
procedures to cover planning, execution of works, and maintenance. The procedures developed and discussed 
in this paper include: 

 

• Onboard plant suitability and seabed assessment. 

• Thorough preloading procedure and stability management. 

• Survey and inspection. 

 

This paper discusses our recommendations around operating procedures, to generate discussion around an 
industry baseline with respect to safe operation of JUBs in New Zealand.   

 

Keywords: Jack up Barge, Marine Construction 

1. Introduction 

New Zealand is abundant in land to marine margin 
and associated infrastructure to service both private 
and public interests of waterborne activity, including 
primary industry importation and exportation, 
aquaculture, pleasure vessels, and water sports.  

Traditional methods for constructing the built marine 
environment to support those land to marine 
interests consist of long reach machinery, building 
temporary access by way of causeway or staging, 
and off floating platforms or barges. In the last two 
decades, marine construction in New Zealand has 
employed another option, construction from Jack up 
Barges (JUB) or Self Elevating Platforms (SEP). 
Figure 1. 

2. Background  

The JUBs used in construction in New Zealand are 
typically modular barges that are road transportable 
in sections and, when mobilised, can be assembled 
into a variety of configurations. Configurations 
enable varying platform size and deck loading 
capacity to suit the quantum of plant and equipment 
to be used and can enable access to permanent 
works via hull working face or moonpool. 

The JUB is either transported by tow between 
operations or can be mobilised by road to a suitable 
land/marine interface area and be assembled in the 
water from land by lift device. The assembly of 
segmental barges in water comes with challenges, 
including a shore based engineered lift platform, 
land to water transition geometry, and weather 
conditions. In all it is an operation of logistics and 
communication between lifting, rigging, differential 
buoyancy, and support vessel manoeuvring. 

Once the barge or platform is assembled and in 
float, spud legs are affixed to the hull and a 
mechanical or hydraulic system plumbed to activate 
the raising and lowering mechanism. Before 
embarking the JUB with heavy construction plant 
(often up to a 100-tonne crawler crane), temporary 
works often need to be constructed to support the 
existing structure and transition to water side.  
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Figure 1  BPC JUB (2021). 100T crane on JUB providing 
construction support to an Auckland NZ project. 

3. Regulatory Guidance 

New Zealand has three national agencies 
responsible for workplace health and safety 
regulation: 

• WorkSafe is New Zealand’s primary workplace 
health and safety regulator. 

• Maritime NZ (MNZ) is the national regulatory, 
compliance and response agency for the safety, 
security, and environmental protection of 
coastal and inland waterways. 

• Civil Aviation Authority (CAA) covers work 
preparing aircraft for imminent flight and aircraft 
in operation. 

As a JUB is typically a convertible configuration, not 
self-propelled, and when elevated offshore 
considered a temporary platform and not a barge or 
vessel, they present a scenario without national 
agency defined regulation as to Good Industry 
Practice.  

4. Key Risks and Learnings   

Many engineering and good practice considerations 
are necessary to ensure the safe management and 
operation of JUBs, including dis/embark temporary 
works, site bathymetry, static and dynamic deck and 
spud leg loading cases, buoyancy and righting 
moment in floating stability, and structural capacity 
of the JUB. They should all be covered in a project 
specific barge management plan. 

 
1 To pin a position is to lower a spud leg which acts as 
an anchor which the barge can be pivoted around. 

4.1 Towing & Moving into position 

When moving a JUB from one position to the next, 
regardless of the distance, it is important to 
establish a robust plan which is understood by all 
parties prior to the activity. Several key pieces of 
information are required before planning: 
bathymetry between origin and destination; draft of 
JUB including leg below hull; weather; overhead 
obstructions; and marine traffic. 

Incidents while in tow are almost as frequent as 
punch through. As recently as 13th April 2021 the 
Seacor Power capsized in a storm after leaving Port 
Forchon, Louisiana, USA. Six are missing and 
presumed dead. The legs of a JUB are invariably 
heavy and when they are raised the centre of gravity 
becomes very high, resulting in greater instability. A 
method to reduce this risk is to keep the legs low in 
the water, but this introduces a different risk of 
grounding. This demonstrates the importance of 
understanding the bathymetry. 

 

Figure 2   Secor Power JUB (2021). Image following 
incident where JUB capsized in storm conditions.  

In a draft position statement issued in 2019 by MNZ 
to clarify the requirements of barges under 24m, it 
was suggested that unpowered barges should not 
be manned when on a voyage. However, to operate 
a JUB, a crew need to be onboard. When working 
within a harbour for a typical project, the tow could 
be a move of 1m or 400m. For moves of this nature, 
it is much safer to keep the crew onboard to operate 
the spud legs than to transfer to a vessel and back 
again. A barge will typically need to be positioned 
within 1m to enable piling gates to be erected in the 
correct position and this can be achieved by 
lowering the spud legs to pin1 a position. 
Alternatively, if the barge is equipped with a mooring 
spread and winches, anchors would be lowered 
upwind and downwind from the barge deck then 
used to winch it into the correct position. 
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4.2 JUB Foundations 

One of the more complex engineering 
considerations is founding the JUB. The use of jack 
up barge spud legs is likened to piled foundations, 
but unlike normal piles, which can be effectively 
driven to refusal with a heavy piling hammer, a 
JUB’s piles or spud legs are driven into founding 
soils by self-weight. In the process of setting up the 
barge, the legs must intentionally fail the foundation 
to beyond the maximum expected load to ensure 
the barge will be stable, a process called 
preloading. Problems with barge foundations can 
result in major incidents. 

4.2.1 Leg Punch Through 

The most frequent incidents to befall JUBs is punch 
through. This term describes when a leg or multiple 
legs sink into the founding ground in an uncontrolled 
manner. This usually occurs when founding on 
layers of strata with differential bearing capacities. 
Punch through can also occur after scour on sandy 
seafloors. 

In 2018 BPC had such incident. Figure 3. When 
jacking down, back to floating mode, an operator 
error caused loss of bearing on one leg, causing the 
barge to list. The list caused the on-deck crane to 
move, which redistributed the load on the platform 
to the lower edge and increased the load on the 
remaining leg. This leg, under the increased weight 
of the barge and crane, punched through a hard 
layer of strata into a softer layer. The barge came to 
rest when the leg found suitable bearing, 4m lower 
than before. 

Figure 3   BPC JUB (2019). Image following incident 
where JUB spud punch through occurred in Auckland NZ 

After this incident, BPC questioned all aspects of 
the operation for learning opportunities. BPC, with 
assistance from IJOBA and DNV-GL, use a method 
to interpret the founding level of a JUB which clearly 
identifies where punch through risk is present.  

Prior to physically driving in the spud legs, the 
following calculations are made:  

• Demand or load on the spud legs.  

• Skin friction and end bearing capacity of the 
spud legs for the given soil deposit. 

• The approximate founding depth of the spud 
legs.  

  

Graph 1   BPC JUB foundation penetration curve (2020). 
Example from St Mary’s Bay project, Auckland NZ 

Even when these upfront engineering checks and 
balances have been possible, which is not always 
the case when barges are used for geotechnical 
investigation works, the risk of variable ground 
conditions must be managed. This is done through 
preloading the spud legs, which involves: 

• Forcing diagonally opposing spud legs into the 
seabed to a calculated load. 

• Holding the load for a prescribed period 
(dependent on the soil conditions). 

• Monitoring the penetration of the spud legs 
under the applied load over a set duration. 

Only once no settlement has been witnessed for the 
prescribed period can the preload be switched to 
the remaining two legs. 

The authors recommend establishing a criteria for 
determining acceptable creep rates and preload 
times, using data available from typical pile/anchor 
testing and international standards such as SNAME 
technical bulletin 5-5A Guidelines for Site Specific 
Assessment of Mobile Jack-Up Units. 

When platforms are mobilised, it is common for a 
crane to be mobilised first and assemble the 
platform and then track onto it from a wharf side. 
This activity has inherent risks as the load on the 
barge has invariably not been large enough for a 
sufficient preload to be achieved. Our learnings 
have shown that it is imperative to simulate the 
loads before any plant is loaded, typically carried 
out by ballasting before an initial preload. 

One reason that preloads are ignored or completed 
with lower loads than required is that the 
overloading can create significant leg penetration. 
While not a significant issue operationally, when 
attempting to move positions the legs can be difficult 
to retrieve. It is common for legs to become stuck 
when deeply embedded in the underlying strata. We 
have two methods of retrieving stuck legs; using the 
buoyancy of the barge, plus relocating equipment 
on the deck to maximise pull and jetting. Jetting is 
when compressed air or water is forced down the 
spud leg and out through the bottom, this reduces 
suction effects in cohesive soils and mobilises the 
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surrounding material reducing the force required to 
retrieve the leg. 

4.2.2 Bathymetry 

The bathymetry can add to the complexity of 
founding conditions. For example, legs founded 
near or on underwater sloping ground can be 
subject to lateral loads from the sloping ground as 
well as usual operation loads. This can lead to 
excessive movement of the JUB at the surface, or 
in extreme cases bending failure of the spud legs.  

In 2016 the Tuapapa barge was operating in 
Auckland and had been given a bathymetric survey 
of an area before it had been dredged. When the 
barge jacked up, the legs which were sited on a 
slope began to slide down the slope.  

Another risk is the presence of voids, such as old 
spud penetration points. Founding near these voids 
can also significantly impact the lateral stability of 
the spud legs. Unless the seabed is hard rock, the 
legs will penetrate the seabed and leave holes 
where the material has been consolidated under the 
load of the barge. When jacking up into position it is 
possible that a leg will slide into a previous hole, or 
that the material beneath the leg will fail and slump 
into the old hole.  

BPC has learnt that it is important to log the position 
of every leg where we have been jacked up. We 
conduct this by surveying the legs when we are 
jacked in position and logging them against the 
project. We also always ask clients if JUBs have 
been working in the area before we start work. The 
network of owners throughout New Zealand also 
have communication channels to share such 
information. 

Complex sites need to be identified through review 
of up to date bathymetry data, then the effect of 
sloping ground accounted for with a force-
displacement analysis. In some cases, targeting a 
deeper founding layer can help manage this risk, 
while in other cases an alternative position for the 
JUB may be appropriate. In any case, BPC has built 
precaution into its JUB operating procedures with 
the recommendation that all JUB sites are to have 
seabed conditions physically inspected by divers 
ahead of jacking up despite the quality of available 
bathymetry and local knowledge.   

4.3 Mechanical/Structural Failure 

Through JUB ownership, BPC has found several 
examples of mechanical failure and lessons learnt 
from the experiences of others.  

Punctures and leaks can occur at any time and from 
a variety of causes, the most common being 
damage to the hull through impact. This can occur 
from grounding or berthing against the barge. 
Nothing is new with the approach of tyre fenders to 
the berthing faces. One of the more difficult aspects 
of punctures or leaks is establishing that they exist. 
Many modular barges do not have access hatches 
to view inside the hull, making it difficult to establish 
that a leak is present. The primary way that BPC 
monitors for breaches to the hull is by checking 
freeboard against the predicted. If the freeboard is 
less than expected, an investigation into the cause 
is carried out. BPC also weighs each unit when it is 
loaded into and out of the water. If it weighs more 
when taken out, then it likely has a leak and is 
holding water. 

The most heavily loaded part of a modular JUB is 
the connection points. When the barge is floating it 
is supported uniformly across the hull. When it is 
jacked out of the water, the mass of the barge is 
supported by four points, like a bridge. On the 
Tuapapa barge the maximum load is usually around 
400t. This imposes large stresses through the 
connection points, so it is imperative to ensure they 
are in good order. Inspections are the key 
mitigation. In 2020 BPC found a leak in the barge 
hull when the barge was jacked out of the water. 
Upon closer inspection it was found that the welds 
between the connection points and the hull were 
fatigued and had split. 

 
Figure 4 shows fatigue cracks in one of the connection 
points on the BPC Tuapapa modular JUB.  

While it is often difficult to inspect these points with 
plant and equipment loaded onto a barge deck, it is 
recommended that regular structural inspections 
are conducted with priority as a matter of course to 
maintain structural integrity.  
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The other key component susceptible to damage or 
failure is the leg jacking system. As the most 
complicated part of an otherwise simple structure, it 
is easy to comprehend the importance of a thorough 
inspection and maintenance programme. JUBs 
inside New Zealand have two different operating 
systems, manual and remote. Both systems are 
operated by diesel powered hydraulic rams and 
have interlocking gates which hold the hull to the 
legs. The incident in 2018 with the Tuapapa barge 
was caused by a design flaw that in a balancing 
scenario allowed both ring gates to be unlocked at 
the same time while the barge was elevated. 
Although it was assumed impossible beforehand, 
when the barge was elevated some 4m above the 
water level one corner was unlocked, which led to a 
chain reaction resulting in a serious near miss. 
Fortunately, no injuries were caused. In 2020 a 
similar incident occurred where a remote-controlled 
barge malfunctioned, causing one leg to jack down 
1.2m.  

An incident in 2007 off the coast of Pembrokeshire 
in the United Kingdom resulted in a fatality after one 
leg was retracted high above the seabed, causing 
the barge to topple over and trap the operator inside 
the control cabin.  

Figure 5 JB104 JUB (2007). Image following incident 
where JUB capsized due to mechanical/operational 
failure 

The above incidents were caused by the lack of a 
failsafe in the barge design. The Tuapapa barge 
was retro fitted with a mechanical lock out system 
which prevents the total unlocking of a leg until a 
padlock is removed. The second barge mentioned 
was found to have a fault with its electrical system, 
where a solenoid stuck and continued jacking after 
the command had stopped. An Inquest into the 
2007 Milford Haven incident found that a major 
cause was an ineffective warning system and poor 
communication among the crew. 

 
2 Unpowered floating barge 

4.4 Inclement Weather 

The operation of JUBs in exposed areas is not 
unlike the precautions taken for commercial 
shipping. The plotting of safe havens, emergency 
equipment on deck, and limits on what sea states 
the vessel can work in. One additional capability of 
a JUB is to float as a dumb barge2 adopting an 
ability of survival mode. JUBs typically have limits 
for wind speed, wave height and current speed for 
two situations, working and survival mode. Table 1 
gives the indicative conditions that a 400t capacity 
platform can operate in. Note, these conditions are 
a guide and vary depending on the site-specific 
conditions and loading. 

 Operational 
Conditions 

Survival 
Mode 

Wave height (Max)* 3 m 5 m 

Wind Speed (Max) 50 km/h 120 km/h 

Current 1 m/s 1 m/s 

*Hull must be clear of the water with an air gap 

Table 1 - Jack up Barge Operating Conditions 

Barges are robust enough to endure wave height 
and windspeed which would be classified as 7 and 
12 on the Beaufort scale respectively. It is, however, 
very important to understand the forecast and 
current weather conditions. While the forecast is 
reviewed daily, more frequently if a storm is 
forecast, the current weather must be assessed live. 
BPC has used a small mobile weather station to 
monitor wind speeds and gusts to ensure no work is 
completed outside of the conditions stated.  

4.5 Training and Competency 

The operation of an elevating platform varies by the 
size, manufacturer, and options available from that 
manufacturer. In simple terms there is an 
automated system and a manual system. The 
former works from a control panel which operates 
the jacking system, the latter has manual levers 
which adjust the hydraulic jack position on the legs. 
Both have their own intricacies; which operators 
must be aware of. Many of the incidents described 
previously have involved an action or inaction which 
contributed to the incident. 

BPC advocates for three areas of training: Barge 
Master; Deck Hand/Leg Operator; and Barge 
Manager. While various terms are used for each of 
these appointments, they are fundamentally the 
same.  

The Barge Master is ultimately responsible for the 
stability of the barge through all stages of operation, 
floating, jacking, and work on a raised platform.  

The Deck Hand/Leg Operator is a varied role 
depending on whether the barge is manually 
operated or automated. They report to the Barge 
Master and are responsible for the safe operation of 
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the jacking system in line with the Barge 
Management Plan. 

The Barge Manager, also referred to as the 
Designated Person Ashore, is responsible for the 
collation of engineering checks for the platform, 
regulatory compliance, and the point of contact for 
reporting events including emergency 
management.  

BPC has a robust appointment process, which 
includes training and competency assessment for 
both Barge Master and Deck Hand/Leg Operator. 
The Barge Manager is normally the person in 
charge of the project, i.e. the Project Manager, and 
appointed through their knowledge and relevant 
experience. Each of these appointments is made 
under the supervision of the company Marine 
Manager.  BPC recommends a similar approach be 
taken for any JUB operation.  

5. Further Development 

The barge incidents in New Zealand are 
symptomatic of an unregulated industry. 
Recognising this, in 2019 BPC called the other JUB 
operators together to form the Marine Contractors 
Safety Forum (MCSF), with the goal of establishing 
an ACOP for The Management and Operation of 
Jack up Barges in New Zealand. The forum was 
established as a reflection of the International Jack 
up Barge Operators Association (IJUBOA), 
established in the United Kingdom around in part as 
a reaction to the JUB JB 104 partially capsizing in 
2007 killing the bargemaster.  

As a founding member of the MCSF, BPC invited 
IJUBOA to New Zealand to deliver their training on 
the management of JUBs and to audit BPC systems 
to their code of practice. The course, which lasted 
three days, was of great benefit to the local JUB 
owner/operators and provided many improvement 
opportunities across the industry. 

6. Summary & Recommendations 

The safety of JUB operation in New Zealand is 
paramount to efficient marine infrastructure 
construction and must be maintained as a top 
priority. There are deficiencies in the current 
governance of these pieces of equipment, as there 
were in the UK before the Milford Haven incident 
where one man died. Our efforts are focused on 
creating an environment where proactive 
governance is established prior to an event which 
causes reactive governance and quite possibly the 
loss of life. 

We need to develop further and maintain 
consistency across the industry. The key points that 
we recommend covering are:  

• Stability is assessed in detail by a naval 
architect for worst case situations of barge 
loading 

• Towing should be assessed by competent 
individuals and a naval architect when 
particularly complex 

• Barge foundations should be assessed by a 
geotechnical engineer with the assistance of a 
bathymetric survey and history of the site 

• A rigorous inspection and maintenance regime 
must be established 

• Trained and competent crew must be provided 
for any JUB. 

The ongoing efforts of the industry to self-regulate 
are only part of the long-term solution. The charter 
of the MCSF drives the group to lobby regulators 
into the adoption of an ACOP for JUB operation and 
maintenance. The group will strive to further the 
safety of the industry by sharing incidents, near 
misses, and most importantly the learnings and 
improvements derived. 
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Abstract 
BMT were commissioned by Gladstone Ports Corporation (GPC) to monitor turbid plumes generated by 
dredging activities related to the Clinton Vessel Interaction Project (CVIP). As part of the conditions of approval 
of the project, GPC were required to estimate the total quantity of fine-grained sediment less than 15.6 micron 
in diameter that was released to the marine environment by the dredging activities. Monitoring was carried out 
to measure and validate the release rate (source rate) of sediment into the water column during operation of 
dredging equipment to confirm estimates of the total quantity of fine-grained sediment released.  
 
The CVIP dredging works began on 5th March 2020 and were undertaken by a backhoe dredger. Three 
intensive multi-day monitoring campaigns were undertaken during the dredging program to ensure that the 
dredge was monitored while working in a range of material types. A number of complementary measurement 
techniques were adopted to carry out the measurements, including water sampling, optical sensor 
measurements and a boat-mounted ADCP instrument. The acoustic backscatter measured by the ADCP was 
converted into an equivalent total suspended solids (TSS) concentration using a thorough calibration process. 
 
Hindcast modelling was undertaken to simulate the dredging operation during the monitoring periods, so that 
comparisons could be made between the measured and modelled TSS. By adjusting the release rate of 
dredging-related sediment in the model, the estimate of the plume generation rate as a function of dredging 
productivity was refined. The overall dredging productivity throughout the campaign was then used to calculate 
an estimate of the total amount of fine sediment released due to dredging. 
 
This paper discusses the monitoring methodology, a review of the field work, an overview of the calibration 
process, the hindcast modelling results and the methodology used to obtain the overall estimate of fine 
sediment release. 
 
Keywords: dredge plume monitoring, sediment transport, numerical modelling. 
 
1. Introduction 
As part of their conditions of approval, recent capital 
dredging projects within the Great Barrier Reef 
World Heritage Area have been required by the 
federal Department of Agriculture, Water and the 
Environment to estimate the total mass of fine 
sediment particles less than 15.6 micron in diameter 
that are released to the natural environment by the 
dredging activity. In order to validate the estimates 
of the total mass of fine sediment released, 
monitoring needs to be undertaken to measure the 
suspended sediment concentration in dredging-
related plumes during the dredging activity. This 
paper documents the process that was undertaken 
to validate fine sediment release estimates for the 
Clinton Vessel Interaction Project. This dredging 
project was undertaken in 2020 by the Gladstone 
Ports Corporation and involved the widening and 
deepening of a shipping channel in the Port of 
Gladstone, Queensland, Australia (see Figure 1). 
 
2. Overview 
A fine-grained sediment validation monitoring plan 
was developed for the project that outlined the 
methodology to be used for monitoring plumes 

generated during the dredging project [5]. The 
monitoring involved the use of a suite of 
measurement devices that were used to build up a 
detailed picture of the suspended sediment plumes 
generated due to dredging.  
 
The primary focus of the field monitoring was on the 
collection of transect measurements through the 
dredging-related plume using a boat-mounted 
Acoustic Doppler Current Profiler (ADCP). This 
measurement technique provided the most detailed 
three-dimensional estimates of Total Suspended 
Solids (TSS) within the plume, as well as the flow 
velocity. The principle of ADCP operation is that a 
pulse of sound is propagated through the water 
column and is reflected by suspended particles. The 
Doppler shift of the returned acoustic signal is used 
to directly determine the water velocity throughout 
the water column. The intensity of the returned 
acoustic signal, known as the echo intensity, is then 
also used to estimate the TSS. 
 
To estimate the TSS, the echo intensity is first 
converted to volumetric backscatter using 
instrument specific parameters and properties of the 
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Figure 1   Location of the CVIP project within the Port of Gladstone (red polygon) 
 
water in which measurements were taken. 
Volumetric backscatter is proportional to the 
logarithm of the TSS, such that concurrent 
measurements can be used to fit a linear model [3, 
4]. Therefore, estimation of TSS using an ADCP 
requires concurrent water property profiling 

(TSS/turbidity, temperature, salinity, and pH) and 
water sampling (laboratory TSS measurements) to 
provide a calibration dataset. 
 
An ADCP is prone to erroneous readings when 
unwanted acoustic scatterers (air bubbles, leaves) 
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are entrained in the water column. ADCPs are also 
unable to measure near-surface or near-bed zones 
[3, 4]. Processed datasets must be interpreted 
carefully and checked against measured TSS 
profile data to overcome these limitations. 
 
3. Data Acquisition  
All field measurements were conducted from a 
research vessel operating in the near vicinity of the 
dredging operations. The following instrumentation 
and techniques were used: 
 
• A vessel-mounted downward-facing 1200kHz 

Teledyne RDI ADCP was used to record the 
acoustic backscatter intensity across transects 
that intersected the dredging-related plume. 

• Turbidity, temperature, salinity, and pH profiles 
were measured using a multiparameter sonde 
(YSI). Turbidity profiles were also measured 
using an optical backscatter instrument (OBS). 
Profiling was done within and beyond the 
extents of the dredge to measure the 
characteristics of the dredge plume and validate 
the ADCP-derived TSS estimates. 

• Water samples were collected for laboratory 
analysis of TSS to be used in the calibration of 
the profiling instruments and in assessments of 
the dredge plume characteristics.  Selected 
samples were also analysed for particle size 
distribution (PSD). ALS Environmental (NATA 
accreditation no. 825) conducted the analysis of 
the TSS and PSD. 

• In-situ particle size distribution measurements 
and volume concentration profiles were 
measured using a Sequoia LISST-100X (Laser 
In-Situ Scattering and Transmissometry) 
instrument. Volume concentration profiles were 
used to validate the turbidity profiles and also 
provided supplementary data for ADCP 
calibration. 

• Positional GPS instruments were used to record 
boat heading and position and allow cross-
referencing of the locations of profile 
measurements and sample data. 

 
4. Monitoring Campaigns 
The dredging activity was monitored for three 
separate periods: 
 
• 31 March, 1 April and 2 April 2020 
• 14 July, 15 July and 16 July 2020 
• 11 August and 12 August 2020. 
 
During the first monitoring activity in March-April 
2020, the dredge was operating in predominantly 
sandy material, characterised by “gravelly clayey 
sand, silty sand and gravelly sand”. 
During the second monitoring activity in July 2020, 
the dredge was operating in one area composed of 

harder material (rock, mudstone, siltstone, chert) 
and another area that was characterised by 
“gravelly clayey sand, silty sand and gravelly sand”. 
During the third monitoring activity in August 2020, 
the dredge was operating in an area that contained 
some clayey material, characterised by “sandy clay 
and silty sand”. 
 
4.1 Transect Measurements 
A large number of transect measurements were 
undertaken during each day of the monitoring 
campaigns, including repeated measurements 
across the plume (‘downstream’ of the dredge with 
respect to the tidal flow) as well as transects along 
the length of the plume. 
 
4.2 Optical Calibration 
A Campbell Scientific OBS instrument was used for 
measurement of a turbidity profile on every second 
transect. During the July and August 2020 
measurement campaigns, a total of 67 water 
samples (66 concurrent samples) were collected 
from the same location of the water column as the 
measuring head of the OBS instrument at a known 
time, covering a moderate range of TSS 
concentrations. These samples were then analysed 
by an accredited laboratory to measure the level of 
TSS in each sample. By establishing the correlation 
between the measured TSS values and the NTU 
recorded in the field by the OBS, the NTU-TSS 
relationship was determined. 
 
The derived NTU-TSS relationship is shown in 
Figure 2. The analysis yielded the relationship TSS 
(mg/L) = 1.8 × Turbidity (NTU), which is similar to 
other results derived from data collected in 
Gladstone. 
 
The turbidity profiles measured with the OBS, once 
converted to an equivalent TSS, were then used to 
derive a relationship between the ADCP acoustic 
signal absolute backscatter and the TSS. The 
software package VISEA includes a built-in 
calibration module for this purpose which is based 
on acoustic theory [1]. The calibration process 
requires converting backscatter intensity to an 
absolute backscatter using information on water 
temperature and salinity at the site and various 
scaling factors and offsets for each of the four ADCP 
transducers. This process was conducted 
separately for each field monitoring day. It should 
also be noted that due to its mounting location and 
a measurement “blanking-distance”, the ADCP was 
only able to resolve TSS profiles below a depth of 
approximately 1.0 m. The ADCP was also unable to 
estimate the TSS within approximately 1.5 m from 
the bed. The vertical profile was divided into 0.5 m 
bins, and the top and bottom bin of each ADCP 
ensemble was extended to cover the missing 1m at 
the surface and 1.5 m at the bed. 
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Figure 2   Water sample TSS and OBS turbidity scatter plot 

 
ADCP backscatter measurements are prone to 
occasional spikes/elevated values that are 
unrelated to TSS in the water column. These spikes 
may arise due to several sources of interference, 
including bubbles and turbulence generated near 
the surface by the dredge, survey vessel, 3rd-party 
vessel or other objects ‘ensonified’ in the water-
column such as plankton, fish or seaweed. Where 
possible, the data was treated via nearest 
neighbour replacement to remove erroneous 
readings. 
 
4.3 Transect Suspended Sediment Flux 
Visual and quantitative analysis was conducted on 
all valid dredge plume transects. A good number of 
transects successfully captured a discrete dredge 
plume originating from the backhoe dredger (BHD). 
This is shown by a plan view of all the depth 
averaged tracks from 2nd April included as Figure 
3. An example of an individual transect 
measurement of derived TSS from 12th August 2020 
is provided in Figure 4.  
 
An important derived parameter from each 
measured transect was the mass flux of dredge-
related sediment. In order to delineate the dredge-
related suspended sediment from the total 
measured sediment, the average ambient 
concentration was calculated for each transect. 
Here, the dredging-related plume was delineated by 

determining where the depth-averaged suspended 
sediment concentration exceeded a nominal 10% 
above the depth-averaged concentration measured 
outside the plume (start or end of the transect). The 
ambient mean TSS was then calculated based on 
the average measured concentrations in those parts 
of the transect defined as outside the dredge plume.  
 
By integrating the water and sediment flux across 
each measured transect the time series of water 
flow and sediment flux across each transect was 
estimated. The transect fluxes were calculated by 
projecting the flux vectors onto a linear regression 
line of best fit for each transect.  
 
4.4 Particle Size Measurements 
Approximately one-third of the water samples were 
analysed in the laboratory to obtain the particle size 
distribution. The median percentage of particles 
finer than 15.6 micron ranged between 52–83%.  
 
An alternative assessment of the particle size 
distribution of the suspended sediment in the water 
column was obtained from the LISST 
measurements that were undertaken in the field. 
The percentage of material in each particle size bin 
for each of the LISST measurements taken in the 
dredging plume was calculated, and then the 
average percentage in each bin for each monitoring 
period was obtained (see Figure 5 for an example).  
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Figure 3 Plan view of all transect tracks from 02/04/2020 showing a distinct plume on a flooding tide 

 
Figure 4 Example transect concentration measurement on 12/08/2020. The coloured circles on the 
curtain plot (top) show the measured TSS derived from the OBS measurement. 
Red marker in plan view (bottom) denotes approximate BHD location.
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Figure 5 August campaign - average particle size distribution based on LISST measurements 
 
The LISST measurements showed a larger 
percentage of coarse particles in suspension than 
the laboratory measurements of PSD, due to 
accumulation of fine particles into larger flocs in the 
natural environment. The overall percentage of 
particles finer than 15.6 micron based on the LISST 
measurements ranged between 20–29%. This 
lower estimate from the in-situ LISST 
measurements corresponds to the quantity of fine 
suspended material that would be expected to 
remain in suspension for a long period of time. 
 

The most recently validated TUFLOW FV model of 
the Port of Gladstone was used to undertake 
hindcast modelling of the dredging operation during 
the monitoring periods. This enabled the measured 
transect sediment fluxes to be compared directly 
with modelled sediment fluxes, and the plume 
release rate in the model was then adjusted to 
obtain the best agreement between the model and 
the measurements. 
 
The configuration and validation of the 
hydrodynamic, wave and sediment transport 
modelling system is described in the report 
“Gladstone Sediment Budget: Model Refinement 
and Validation” [2].  
 
The model was run for all three of the monitoring 
periods. The daily dredging logs supplied by the 
dredging contractor were analysed to determine the 
dredge location and activity status during the 
monitoring periods. While the dredge was actively 
loading a barge, a constant plume source rate was 

applied, consisting of silt and clay particles released 
uniformly over the water column. The plume source 
rates were initially set according to the rates that 
were used in the environmental impact assessment. 
 
For each simulation, the measured and modelled 
concentration along each transect was compared 
visually, and the sediment flux across each transect 
was calculated for both the ADCP measurements 
and the model. An example of the comparison 
between the measured and modelled sediment 
concentration is provided in Figure 6.  
 
Based on visual assessment of all 116 of the 
measured ADCP transects from the March/April, 
July and August monitoring periods, the most 
representative transects were chosen for further 
quantitative analysis. Reasons for not selecting a 
transect for further assessment included: 

• Significant bubbles or turbulence from 
vessel wash affecting the quality of the 
measurements; 

• Transect was not perpendicular to the 
plume advection direction and therefore flux 
estimate would be unreliable; 

• Transect did not intersect the plume 
sufficiently well; 

• Other artefacts in the measurement which 
meant that the measurement was not 
representative of the actual plume. 

 
This resulted in a subset of 65 transects (54 
hard/clay transects, 11 sand/gravel transects) which 
were representative of plume behaviour which were 
then quantitatively assessed.  
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Figure 6 Example measured and modelled TSS comparison from 14/07/2020: top panel – plan view, middle panel – 

curtain plot of TSS measurements, bottom panel – curtain plot of modelled TSS. 

The estimated dredging-related sediment flux from 
each ADCP transect measurement was compared 
to the modelled dredging-related sediment flux.  
 
The plume source rate for the dredge working in 
each material type in the model was then adjusted 
over a series of simulations in order to achieve the 
best overall agreement between the model and field 
measurements. The results indicated that higher 
plume source rates were appropriate when 
dredging in hard/clay material compared with 
working in sand/gravel material.  Within each 
material class there was no consistent difference in 
the plume generation rate depending on the dredge 
location. An analysis of measured vs modelled 
sediment fluxes is shown in Figure 7. The slope of 
the best fit linear relationship between the modelled 
and measured fluxes is close to 1:1 for all four of the 
dredge work areas.  

6. Calculation of the Total Release Quantity 
The best estimate of the dredging plume source rate 
while working in each material type was multiplied 
by the average dredging productivity while working 
in that material to obtain the average rate of plume 
release per unit of in-situ volume (kg/m3).  
 

 
The total release quantities from dredging each 
material type over the entire dredging campaign 
were then estimated by multiplying the derived rates 
of plume release in kg/m3 by the total in-situ volume 
of each material type. 
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Figure 7 Linear regression analysis of measured and modelled dredging-related flux for each dredging area 
 
7. Discussion of Uncertainty 
This study applied a comprehensive methodology to 
derive best estimate fine sediment source rates 
during the CVIP dredging using a combination of in-
situ measurements and numerical modelling.   
 
These source rate estimates were used to derive 
the overall fine sediment budget for the CVIP.  The 
total amount of fine sediment released during 
dredging is a complex quantity to estimate, and the 
analysis presented in this paper is subject to several 
sources of potential error, which include: 
 

• The presence of background suspended 
sediment (ambient suspended sediment) 
makes it difficult to accurately assess how much 
of any measured plume (and sediment flux) can 
be directly attributed to dredging. While 
estimates have been made, the accuracy of the 
estimate can be variable. 

• ADCP measurements are subject to potential 
interference from bubbles in the water column, 
which can potentially bias high the estimate of 
TSS in suspension.  Every effort has been 
made to identify and censor transects that may 
have been biased high from obvious bubble 
interference. 

• The development of estimates of TSS from 
ADCP measurements is subject to a calibration 

process, which may be biased high or low 
depending on the quality of the calibration 
dataset.  Every effort has been made to avoid 
the inclusion of data outliers and/or ADCP 
ensembles affected by bubbles, which may 
unduly bias calibration. 

• The dredge was only monitored for a small 
fraction of the overall dredge campaign, and the 
variability in the type of material being dredged 
and the productivity of the dredge in different 
materials causes variability in the amount of 
material released into suspended sediment 
plumes. However, every effort was made to 
ensure that monitoring was carried out while the 
dredge was operating in the full range of 
different materials, to obtain a fully 
representative dataset. 

 
8. Summary 
As outlined in the Fine-grained Sediment Validation 
Monitoring Plan [5], a combination of monitoring 
techniques was required to provide an accurate 
measurement of the fine-grained sediment released 
during the CVIP dredging.  
 
The measurement technique that provides the most 
detailed and spatially comprehensive information is 
the collection of ADCP transect data, which was 
then post-processed to provide estimates of the 
suspended sediment concentration. The ADCP also 
measured the water velocity across each transect, 
so the total sediment flux across the transect could 
then be calculated. Because this measurement 
technique provided the richest dataset, the overall 
estimates of sediment release were based primarily 
on this method. 
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The collection of a large number of water samples 
was also very important, because it provided the 
most accurate estimate of the TSS concentration 
within the plume and also the level of the 
background (ambient) TSS. This data was primarily 
used to interpret and convert the turbidity 
measurements from the optical instruments (OBS, 
YSI) into TSS, and also to convert the measured 
ADCP backscatter into equivalent TSS. 
 
Collection of turbidity, volume concentration and 
PSD data using optical instruments (OBS, YSI, 
LISST) was also a key component of the 
measurement campaigns, both for its value as an 
independent dataset but also as a very important 
component of the calibration and post-processing of 
the ADCP backscatter data. By measuring the 
turbidity concurrently at the same location as water 
samples were collected, the measured turbidity 
could be converted into equivalent TSS. By 
measuring the turbidity concurrently in the same 
vertical profile as the ADCP measurements, the 
ADCP backscatter intensity was able to be 
converted into an equivalent TSS measurement. 
 
Once a comprehensive picture of the spatial 
variation in the TSS across ADCP transects was 
established, numerical modelling was used to 
develop a more accurate estimate of the likely 
plume generation rate at the source (the BHD 
bucket). The numerical model was set up to 

replicate the flows of water and sediment in the Port, 
accounting for both the dredging-related suspended 
sediment and the background (ambient) sediment. 
 
The dredging operation during each of the 
monitoring campaigns was parameterised by 
analysing the detailed daily dredging logs to 
determine when the dredge was actively working 
and the precise location of the dredge. Then the 
modelled sediment concentrations and sediment 
fluxes were compared to the measured sediment 
concentration and flux across each of the ADCP 
transects from each monitoring campaign. By 
adjusting the dredge plume generation rate in the 
model, the best agreement between the modelled 
and measured fluxes was obtained. The best-fit 
modelled plume release rate was found to be 
different when the dredge was working in different 
material types and based on the dredging 
productivity in each material type an overall 
estimate for the amount of fine sediment released 
per unit of in-situ material was derived for each 
material type. These overall rates of fine sediment 
release were then applied to the total volume of 
each material type to obtain an overall estimate of 
the total fine sediment release. 
 
Table 1 provides a summary of the monitoring 
methods that were used and commentary on the 
usefulness of each method. 

Table 1 Monitoring Methods 

Measurement Method  Method of Implementation Comment on Effectiveness 

ADCP Measurements  This was the primary means 
of measuring sediment 
concentration and sediment 
flux within the plume. 

The transect TSS and flux measurements, once properly 
calibrated, provide a very good description of the extents 
and intensity of the dredging-related plume. 

Optical Sensor 
Measurements  

Concurrent optical sensor 
profile measurements were 
undertaken using YSI, LISST 
and OBS instruments. The 
boat was stationary during 
profiling for practical 
reasons. 

These measurements are most useful as a means of 
calibrating the ADCP acoustic backscatter measurements 
(they do not have sufficient spatial coverage by 
themselves to fully characterise the plume). The LISST 
PSD measurements were also used to characterise 
plume particle sizing. 

Water Sampling  A large number of water 
samples were collected on 
each of the field trips at a 
variety of depths and 
locations using a pump 
sampler. 

These water samples were analysed for TSS and PSD. 
The TSS measurements are very important for calibration 
of the optical sensor measurements (NTU to TSS) and 
ADCP backscatter.  

Numerical Hindcast 
Modelling  

The numerical modelling was 
used to assess the likely 
dredge plume source rate by 
comparing modelled TSS 
and suspended sediment flux 
to each measured transect 
TSS and sediment flux. 

The numerical modelling is very useful since it accounts 
for the plume advection, dispersion and settling that 
occurs between the point of discharge (the BHD bucket) 
and the measurement transect. It also accounts for 
temporal variability of plume generation since the 
dredging logs are used to estimate how the plume 
release rate varies with time, and it provides an estimate 
for the proportion of the measured TSS that is likely to be 
ambient suspended sediment. 
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Some key lessons learned during the monitoring 
campaign were: 
 
• The measurement of particles sizing in the field 

using a LISST instrument was valuable 
because it revealed that much of the fine 
particle matter is present in flocs, which will 
settle out more quickly than individual particles. 
For future projects of this nature, the laboratory 
measurement of particle sizing should be 
initially carried out without adding any de-
flocculants so that flocs may be preserved and 
the measurements reflect the nature of the 
plume material as it exists in the field. 

• It would be worthwhile in future assessments to 
further understand the composition of the 
suspended solids within the dredge plumes and 
in particular the relative proportion of inorganic 
sediment versus organic particulates. 

• Separate measurement campaigns do need to 
be undertaken while the dredge is working in 
different material types. The initial plan for field 
work was to undertake two monitoring activities, 
but the later addition of a third campaign proved 
to be very worthwhile, allowing more data to be 
collected while the dredge was working in 
different material types. 

• It is important to carry out simultaneous co-
located measurements with the different 
measurement techniques (ADCP, optical 
sensors and water samples) to maximise the 
usefulness of the datasets for calibration 
purposes. It also allows an assessment of the 
potential magnitude of error since the results 
from different measurement methods can be 
directly compared. 

 

Hindcast numerical modelling of the dredging 
operation during the measurement campaigns is a 
very valuable tool since it improves the accuracy of 
the overall estimate of the plume release rate. The 
main benefits are: 
• The advection, dispersion and settling of the 

plume material between the dredge and the 
ADCP transect is taken into account; 

• The amount of background (ambient) sediment 
that is present in addition to the dredging-
related sediment can be estimated; and 

• The influence of the temporal variability of the 
plume source generation (due to dredging 
stoppages and changes in dredging 
productivity) can be assessed. 

• It is important to partition the estimate of fine 
sediment release into different material units as 
the unit plume generation rates may vary 
substantially with different geotechnical 
properties of the in-situ material and (where 
relevant) different dredging equipment. 
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Abstract 
Coastal concrete is an integral portion of global infrastructure, which has connected civilizations throughout 
time. Despite the long term use, there are several issues associated with physical and chemical attack of 
concrete at ports and in coastal regions. The deterioration of the concrete is a result of the aggressive 
environment including permeability, carbonation, chloride, and sulfide attack; ultimately resulting in cracked 
concrete and corrosion in the reinforcing steel. The long term impact of this concrete deterioration on 
Government and Private entities is an endless strain on asset maintenance and repair budgets. The purpose 
of this paper and presentation is to showcase research that examined the novel use of hydrogel technology to 
increase the service life of ports and coastal concrete structures. Hydrogels have been utilized in the field for 
over twenty years to effectively manipulate the pore and void structure of deteriorated concrete to reduce the 
number of pathways that allow migration of deleterious materials. Additionally, the rapid formation of the 
hydrogel physically takes up space within any localized damaged areas inside the concrete to further prevent 
percolation on the damaged concrete. To test the effectiveness of the hydrogel technology for maritime 
infrastructure, the hydrogel concrete mixture was compared to a reference mixture. Ultimately it was shown in 
both the laboratory and in a coastal environment that hydrogel technology can be used to extend the concrete 
life of maritime structures and reduce the spending due to current concrete maintenance and repairs.   
 
Keywords: Maritime, Hydrogels, Corrosion, Service-Life 
 
1. Introduction 
Coastal concrete is an integral portion of global 
infrastructure, which has connected civilizations 
throughout time. Despite the long term use, there 
are several issues associated with physical and 
chemical attack of concrete at ports and on coastal 
lines. This chemical and physical attack is due to the 
aggressive marine environment at these coastal 
locations and ports. The concrete substrate acts as 
a hardened sponge with interconnecting pores 
throughout the body to the surface of the concrete. 
Harmful salt and deleterious materials from the 
marine environment are able to penetrate the 
surface of the concrete and migrate throughout the 
concrete body.  
 
These deleterious materials include chlorides and 
sulfates present in the surrounding seawater and 
sea or coastal rock and sand. These salts can lead 
to Calcium Oxychloride (Ca-OXY) formation, which 
causes durability issues due to the expansive 
nature of Ca-OXY. Ca-OXY formation occurs due to 
the reaction of calcium hydroxide (CH) with calcium 
chloride (CaCl2) or magnesium chloride (MgCl2) 
from salt [10]. Ca-OXY is an expansive salt which 
causes premature failures at concrete joint and 
furthers reactions within hydrated cement matrix [9].  
 
Chloride attack is responsible for 40% of all 
concrete deterioration [4]. Concrete structures in 
marine environments experience chloride attack 
resulting in cracks and corrosion in the reinforcing 
steel. Chlorides begin at the surface and slowly 

penetrate deeper into the subsurface and interfacial 
zone. The result of chloride attack is corrosion of the 
reinforced steel within the concrete leading to 
concrete that fails prematurely. The Portland 
Cement Association found that the leading cause of 
concrete deterioration is corrosion 
of reinforcing steel and other embedded metals [6]. 
Steel corrosion causes expansion resulting in 
cracking, delamination, and spalling.  
 
Salt from the seawater also crystalizes causing 
physical attack and the sulfate ions react within the 
concrete and to create gypsum and delay ettringite 
formation. This delayed formation of ettringite 
results in volume expansion due to the expansive 
nature of ettringite [2]. The volume expansion 
results in cracking and mass loss, particularly when 
restrained, as shown in Figure 1 [8]. In addition, 
forming ettringite from sulfate requires more 
calcium. Normally the source will be calcium 
hydroxide, which is highly soluble. Depletion of 
calcium hydroxide leaves the concrete more porous 
and permeable. Sulfate attack also destabilizes the 
calcium silicate hydrate, resulting in softening [2]. 
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The result of this deterioration is an endless strain 
on concrete maintenance and repair budgets. 
Hydrogels have been utilized in the field for over 
twenty years to effectively manipulate the pore and 
void structure of deteriorated concrete to reduce the 
number of pathways that allow migration of 
deleterious materials. The hydrogels in this 
research project contain pozzolanic materials that 
increase the C-S-H in the concrete. As the cement 
and water are mixed to create concrete, a hydraulic 
reaction occurs which produces calcium hydroxide. 
It has been found that the significant benefits gained 
by using pozzolanic materials were from the 
densification of the C-S-H gel [1].  Through the 
pozzolanic reaction, the hydrogel creates a stronger 
and denser concrete.  
 
A denser material reduces the ability for water and 
harmful chemicals to migrate through the concrete. 
Hydrogels absorb the excess water and therefor 
limit the amount of water that can subsequently 
migrate through the material. In addition, the 
instantaneous creation of the hydrogel physically 
takes up space within any localized damaged areas 
inside the concrete. This physical takeover stops 
percolation and creates a sealing effect so that the 
concrete is hardened. 
 
This research endeavor examined the efficacy, in 
both a laboratory and field environment, of a novel 
hydrogel technology to increase the service life of 
ports and coastal concrete structures. 
 
2. Background 
The hydrogel technologies used in this research 
were designed for both new concrete susceptible to 
extensive damage and existing damaged 
structures.  The Aquron 2000 (HYD 1) spray is 

applied to satisfy the absorbency of the concrete, 
generally to a coverage rate of 4-5m2 per litre.  Due 
to its nano-size and molecular attraction to the 
alkalinity in the concrete, HYD 1 is able to penetrate 
to depths of 100mm+  in new and existing concrete. 
The HYD 1 can be applied after water has bled from 
new concrete or in late age concrete structures. The 
concrete needs to be clean and free of any previous 
coatings, paints, and dirt/grime build up.  Once 
penetrated, HYD 1 reacts with calcium hydroxides 
in the concrete to form a calcium silicate hydrate 
hydrogel that fills the pores of the concrete matrix 
and decreases the permeability of the concrete. 
This reaction controls moisture migration through 
the matrix, and mitigates damage mechanisms 
associated with moisture movement, such as steel 
corrosion, Ca-OXY formation, and sulfate attack.  
  
Aquron 7000 (HYD 2), using similar technology as 
HYD 1 to penetrate and form the hydrogel, is 
designed for existing structures containing damage 
or previous repairs. HYD 2 provides a corrosion 
inhibiting action to halt any further corrosion and 
hold the structure in the current condition. HYD 2 
generally penetrates deeper due to the increased 
porosity networks in existing concretes, and has 
shown performance at depths of 150mm. 
 
3. Material and Methods 
A Type I/II Portland cement with a Blaine fineness 
(surface area, m2/g) of 0.345 m2/g was used as the 
primary cementitious material for experimentation. 
The cement composite and concrete samples were 
made using Portland cement with a chemical 
composition of: SiO2, 19.9%; CaO, 63.9%; Al2O3, 
4.8%; Fe2O3, 3.2%; C3S, 57%; C2S, 13%; and 
C3A, 7%. Topical hydrogel technologies were 
utilized for the experimental mixtures. Two hydrogel 
technologies by Markham Global, HYD 1 and HYD 
2, were compared to a reference mixture of 
standard Portland Cement Concrete. The HYD 1 
and HYD 2 were sprayed on top of the concrete 
samples, over a number of light passes to achieve 
the minimum coverage rate, listed in Table 1, and 
satisfy the absorbency of the concrete.  
 
The laboratory experiments on the HYD 1 
technology was used to compare the performance 
characteristics of the hydrogel technology to a 
standard reference mixture. For laboratory testing, 
BS EN 12390 was utilized to determine the depth of 
penetration of water under pressure in hardened 
concrete which has been cured. Water is applied 
under pressure to the surface of hardened concrete. 
The specimen is then split and the depth of 
penetration of the waterfront is measured, Figure 2. 
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Table 1 details the concrete mix design utilized for 
the reference mixture and HYD1 for BS EN 12390 
testing. The laboratory concrete and experiments 
conformed to the specifications in ASTM C 494 / C 
494M – 19 in order to elucidate the performance 
characteristics of the hydrogel technology on a 
standard reference mixture. The laboratory mixture 
used would not be suitable for a marine 
environment, it serves only as a tool to identify the 
positive and negative impact of the technology on a 
standardized concrete. 
 
Table 1 – Concrete mix design for REF and HYD 1 BS EN 
12390 Testing. 

Materials / Mix ID REFERENCE 
(REF) HYD 1 

Portland Cement 
(kg/m3) 307 307 

Water (kg/m3) 145 145 

w/c Ratio 0.47 0.47 

Coarse Aggregate 
(kg/m3) 1074 1074 

Fine Aggregate 
(kg/m3) 820 820 

Fine / Coarse 
Aggregate Ratio 0.76 0.76 

High Range Water 
Reducer (mL/100 
kg) 

326 326 

Air Entrainment 
(mL/100 kg) 42 44 

HYD 1 (m2/L) - 4.5 
 
For field testing the penetration of the concrete was 
tested with HYD 2 compared to an untreated 
reference mixture, REF, according to the field 
conditions listed in Table 2.  

 

Table 2 – Test site conditions for REF and HYD 2 GWT 
Testing. 

Project Number BIU-1920-10 

Project Title BMD Rundle St 

Test Sample ID Test Patch Cleaned 
Test Sample 
Description Not Treated and Treated 

Test Conditions Dry 

Testing Date 7/1/20 

Test start time 9:40 AM 
Testing 
pressure (kPa) 100 

Operator LM 
Testing 
Equipment GWT 

Micrometer 
Piston Diameter 
(mm) 

10 

Testing 
Equipment GWT 

Gasket Internal 
Diameter (mm) 62 

 
The German Water Permeation Test, GWT, is an 
on-site test that can be used to evaluate the water 
permeation and sorptivity of the concrete surface 
and sub-surface in a finished structure under 
applied pressure, as shown in Figure 3 [5]. A 
pressure chamber containing a watertight gasket is 
secured to the concrete surface.  As water 
permeates into the concrete, the selected pressure 
is maintained by means of a micrometer. The 
recorded values are used to characterize the 
permeation and sorptivity of the test surface. 

 
Figure 3 – [5] Rudimentary illustration of German Water 
Permeation Test showing water permeation. 
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4. Experimental Results 
The addition of HYD 1 significantly decreased the 
depth of penetration of water, as shown in Table 3. 
 
Table 3 – BS EN 12390 test results for HYD 1 compared 
to the REF. 

Mix ID Sample 

Max. Depth 
of 
Penetration 
(mm) 

Ave. Depth of 
Penetration 
(mm) 

REF 

A 17.25 

12.12 B 10.69 

C 8.41 

HYD 1 

A 5.92 

5.30 B 5.88 

C 4.10 

 
The HYD 1 samples experienced a 57% reduction 
in penetration when compared to the reference.  
 
The field testing on the HYD 2 technology clearly 
indicated a significant increase in time to saturate 
the surface and sub-surface concrete pores and a 
significant reduction in the flow of water into the 
same pore-structure. It has been found that the 
depth of water penetration is a linear function of the 
square root of time [5], where time is measured from 
when water is first added to the GWT chamber. Pore 
saturation occurs when the slope of the linear 
function levels. When comparing the time to pore 
saturation between the REF and HYD 2 in Figure 4 
and Figure 5, the time to reach pore saturation was 
increased by four (4) times. As shown, the REF 
samples experienced pore saturation at 7.8s0.5 or 60 
seconds, and the HYD 2 did not experience pore 
saturation until 15.5 s0.5 or 240 seconds.  
 

  
Figure 4 – Depth of water penetration for REF mixture 
over square root time to indicate time to pore saturation.  
 

 
Figure 5 – Depth of water penetration for HYD 2 mixture 
over square root time to indicate time to pore saturation.  
 
In addition to the reduction in pore saturation, the 
sorptivity index was reduced by two (2) times for the 
HYD 2 samples compared to the REF, Table 4.  
 
Table 4 – Sorptivity index of HYD 2 compared to REF. 

Test ID Calculated 
Sorptivity Index, 
(mm/s0.5) 

REF  0.067 
HYD 2 0.035 

 
Sorptivity is an index of moisture transport into an 
unsaturated porous medium [7]. These results show 
that the HYD 2 technology led to a significant 
reduction in permeability and a greater resistance to 
moisture flow, saturation, and thus could lead to an 
increase in concrete durability by way of a reduction 
in deleterious material migration that would cause 
premature concrete failure. 
 
5. Discussion 
Permeation of water and constituents to the 
concrete pore is a detrimental issue which causes 
susceptibility to chemical and physical attack, and 
ultimately premature failure of the concrete surface. 
Inside the body of hardened concrete, an 
interconnected system of capillary pores runs from 
the surface of the concrete throughout the body. 
Water, salts, and other deleterious materials travel 
through these channels and can reduce the integrity 
of concrete. Therefore, measuring the penetration 
of water, through BS EN 12390 and GWT, indicate 
the concretes susceptibility to chemical attack 
through these channels.  
 
Hydrogel technologies have been shown to 
chemically alter the surface and sub-surface of the 
concrete [3]. This chemical reaction produces more 
of the backbone of concrete strength (C-S-H and 
other hardened phases) within the pore structure 
while reducing the lime, soluble alkalis, and other 
deleterious materials in the concrete pore solution. 
The C-S-H is the hardened microstructure of the 
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concrete matrix that develops from the hydration of 
cementitious of materials and water. C-S-H 
production within the concrete pore-structure 
ultimately leads to a denser concrete and a less 
permeable concrete. The reduction in permeability 
and sorptivity of the concrete was illustrated by the 
laboratory testing and GWT field evaluation.  
 
6. Conclusion 
This hydrogel technology can be used to prevent 
damage and extend the service-life of concrete in 
maritime environments. Application of surface-
sprayed hydrogels on concrete works to protect the 
surface. As mentioned, the hydrogel reacts with the 
cementitious compounds and by-products from 
cementitious hydration to form an improved surface 
which is harder and less permeable.  The hydrogel 
penetrates hardened concrete and forms a gel 
within the pores of the concrete to reduce or 
eliminate penetration of liquids. This results in 
concrete that is less permeable to reduce or nearly 
eliminate water penetration, thus stopping the 
migration of damage inducing chemicals and other 
elements from entering the concrete and minimizing 
Ca-OXY formation. 
 
To help prevent the corrosion of reinforced steel due 
to chloride attack, these hydrogels can be spray 
applied to the concrete. The pozzolanic reaction 
occurring results in the production of more C-S-H. 
This additional phase development creates a less 
porous concrete which slows the deleterious effects 
that would lead to a deterioration of concrete and 
steel corrosion.  
 
The hardened, less permeable concrete that results 
from the application of these hydrogels protects the 
marine structure from further from physical and 
chemical attack. Ultimately these hydrogels can be 
utilized to extend the service life of marine 
structures.  
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Abstract 
 
Collection of site-specific wave, current, and water level data is a critical component of the Department of 
Transport (DoT) Maritime facility development, maintenance, and investigation of operational issues. The 
collection and analysis of data is the primary function of the DoT State Oceanographic Nearshore Data 
Acquisition Program (SONDAP). 
 
SONDAP collects approximately 12 annual Acoustic Wave and Current (AWAC) datasets, 2 Nortek Signature 
datasets, and 12 RBR Pressure Transducer (PT) datasets every year.   DoT therefore required a robust, 
reliable, and user-friendly post-processing Toolbox to process and perform Quality Assurance/Quality Control 
(QA/QC) on the highly valuable data records that DoT collects. Specifications of the Toolbox include that it is 
built using the Matlab platform and that it produces professional quality, industry-standard, and uniform data 
products.  QA/QC can readily be performed by trained technical staff.  Additionally, it is modular such that one 
interface is used for each of the measurement devices DoT deploys. 
 
DoT engaged RPS in 2020 to begin development of the SONDAP Toolbox.  To date, functioning modules have 
been successfully developed to process AWAC, Signature, and PT data.  The Toolbox is currently being 
applied by Oceanographers and Coastal Engineers in DoT, allowing more technical staff access to data 
processing that is significantly faster than proprietary software. As a state data provider, DoT is committed to 
ensure the highest quality product and service is administered to internal and external clients. 
 
Keywords: waves, currents, measurements, data analysis 
 
1. Introduction 
The purpose of the paper is to summarize 
functionality, modularity and QA/QC methodology 
as well as output formats and products of the 
SONDAP Toolbox.  In addition, details of 
fundamental processing algorithms, relevant 
equations, and software development philosophy 
will be provided. 
 
2. SONDAP Toolbox Functional 

Requirements 
At the onset of the Project, DoT identified the 
primary functional requirements of the Toolbox.  
These include: 
 
• Platform and Software – the Toolbox is to be 

controlled by a Graphic User Interface (GUI) 
written in and running in the Matlab 
environment.  At project inception, preference 
was given to manufacturer software for analysis 
of instrument data whenever possible and as 
applicable. 

• Source Code – The general philosophy is that 
the programming and source code will be 
provided to DoT for their interrogation, use, and 
authorised modification if necessary.  “Black 
Box” solutions are to be avoided.  The source 
code as well as all products and results  
become the property of DoT upon completion of 
this contract. 

• User Input - To the greatest extent practicable, 
the user should have control of the parameters 
and techniques by which the data is processed, 
including those options afforded by 
manufacturer software. The Toolbox should 
start with default values, however the 
experienced user should have the ability to 
easily modify as required to suit individual 
datasets. 

• QA/QC Requirements - The Toolbox performs 
QA/QC of raw and processed data using well 
documented, scientifically justified, and 
purpose-built methods that align with DoT’s 
requirements as a State data provider. QA/QC 
methods should be location/deployment 
specific as required. The Toolbox shall provide 
a data QA/QC summary as output identifying 
data quality issues associated with the collected 
data such as excessive tilt, data loss/missing 
data, error/warning codes etc. 

• Metadata - The Toolbox incorporates and 
attaches relevant Metadata to all data products. 
As much as possible, Metadata should be 
automatically obtained from the collected data 
files, however the Toolbox is required to accept 
GUI input of Metadata which is expected to 
include project name, location name, location 
coordinates, estimated depth and associated 
datum, data period, and instrument ID/serial 
number. 
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• Dataset Combination Requirements - The 

Toolbox shall be capable of combining datasets 
from consecutive deployments as well as 
handle reasonable data gaps between 
deployments. The toolbox shall be capable of 
providing data product summaries monthly, 
seasonally, and annually as applicable. 

• Modularity - The Toolbox is developed to allow 
future expansion to process various types of 
metocean data from other types of instruments. 

• Database Compatibility - The Toolbox output 
products should be capable of integration with 
DoT’s existing data storage methods, or a 
recommended new method if required. This 
may include simple DoT filing restructures, or a 
more advanced system such as private and 
public online data hosting. 

• Documentation - Two types of Toolbox 
documentation are provided.  They include a 
User Manual and a Developer Manual. The 
User Manual provides clear and concise 
instructions on how to use the Toolbox including 
descriptions of input parameters, 
recommended values, and associated 
references. The Toolbox User Manual is 
targeted to a Coastal Engineer, Coastal 
Scientist, Oceanographer, or equivalent.   
 
The Developer Manual elucidates the Toolbox 
programming. It includes comprehensive data 
flow diagrams which clearly demonstrate the 
processing stream and identifies input/output, 
discrete codes, and functions. The content is 
targeted to a technically advanced user or a 
software programmer. 

 
3. Waves and Currents Processing 

Algorithms 
The ocean surface at any time can be assumed to 
be a superposition of many linear waves each with 
different amplitudes, frequencies, and directions. 
Wave displacement is measured directly – or 
estimated through a proxy variable such as 
pressure – using oceanographic sensors to obtain 
data at discrete intervals in the time domain, giving 
a wave amplitude profile that shows how the wave 
height varies over time. Applying Fast Fourier 
Transform (FFT) analysis methods to the data set 
yields wave energy as a function of frequency. The 
manner in which the measured time series data is 
prepared for input to FFT algorithms has an impact 
on the statistical wave summary parameters that 
are ultimately derived for use. 
 
The Toolbox contains proprietary implementations 
of efficient industry-standard FFT analysis 
algorithms. The key steps applied by the Toolbox for 
wave processing are summarised in the following 
sections. 
 

3.1 Ensemble Averaging 
A data time series is divided into smaller, 
overlapping segments or ensembles of data [8] – 
typically 15 overlapping segments for most 
purposes. The duration of the ensemble is set 
according to the longest wave periods that require 
analysis. Waves with longer periods than the 
duration of the ensemble are excluded from the 
ensemble by a process of mean and trend removal. 
 
3.2 Data Windowing 
A filter window is applied to each ensemble to 
reduce anomalies (spectral leakages) that are 
introduced by the discrete nature of the FFT 
algorithm. A cosine taper window is applied to 
attenuate the signal at the start and end of each 
ensemble and reduce the abruptness at the 
extremities of each record. The energy in the signal 
that is attenuated by the windowing is accounted for 
via equivalent amplification of the remaining signal. 
 
3.3 Fourier Transforms 
The FFT is applied to each ensemble and the 
ensemble results are averaged over the duration of 
a wave measurement burst, which is typically 17 or 
34 minutes for sea and swell waves [1]. For AWAC 
and Signature Acoustic Doppler Current Profiler 
(ADCP) data, the Toolbox performs an additional 
directional FFT analysis to determine wave direction 
data. 
 
3.4 Wave Parameters 
The output from the FFT provides the basis for 
calculating all frequency-based wave parameters 
from standard formulae, such as significant wave 
height (Hs), peak wave period (Tp) and peak wave 
direction (Dp). Other wave parameters based on 
time-domain analysis (such as maximum wave 
height, Hmax) are derived separately and directly 
from the measured data time series with the 
application of filtering and despiking processes. 
 
3.5 Current Parameters 
The Toolbox algorithms transform measured along-
beam velocity data into standardised Easting 
Northing Up (ENU) coordinates if necessary, 
depending on the deployment configuration, and 
apply any required compass offset corrections. 
Three-dimensional water column profiles of current 
speed and direction are an end product from which 
surface-layer, depth-averaged and bottom-layer 
data is extracted. Surface-tracking is used to detect 
the nearest-to-surface cell for an optimised surface-
currents time series. 
 
4. The Toolbox GUI and Modules 
The primary intent of the Toolbox GUI is to provide 
a qualified DoT user with a simple yet powerful tool 
to process raw instrument files, analyse the 
resulting data, and generate high-quality tabulated 
and graphical outputs for inclusion in data reports, 
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with the application of industry-standard processing 
algorithms and quality-control schema. Data reports 
produced by the Toolbox are used internally within 
the DoT and are also made available to project 
stakeholders and other data users, so their contents 
must be robust and reliable. 
 
In its initial implementation, the Toolbox GUI 
contains three modules dedicated to extracting, 
analysing and quality-controlling data from binary 
data files recorded by a particular family of 
oceanographic instruments: 
 
• Nortek AWAC ADCP 
• Nortek Signature ADCP 
• RBR Pressure Sensor 
 
The Toolbox has been developed with the 
knowledge that the addition of modules for other 
sensors in use by the DoT may be required in the 
future and has been constructed in a manner 
conducive to their efficient integration when 
necessary. 
 
Where necessary, and where software licensing 
conditions allow, the Toolbox incorporates content 
from several widely used open-source Matlab 
toolkits relevant to data from ADCPs and pressure 
sensors, including the IMOS Matlab Toolbox [4], 
RBR’s RSKtools [7], and the Gibbs-SeaWater 
(GSW) Oceanographic Toolbox [2,5]. 
 
The Toolbox has been extensively tested using 
more than 30 historical data sets collected by the 
DoT using Nortek and PT instruments, and its 
outputs have been benchmarked against those of 
the respective manufacturer’s software packages. It 
has proven an efficient tool, with the processing of 
data reports for multi-year data sets being largely 
automated. 
 
4.1 The Toolbox GUI 
The Toolbox GUI consists of a series of tabs, with 
each tab dedicated to a particular stage of 
processing, analysis, visualisation and export of 
data.  An iterative design and review process during 
Toolbox development has produced a GUI that is 
self-guiding, easy to operate, and optimised to meet 
its objectives. 
 
Feedback from DoT personnel has shaped the look 
and feel of the interface, with a reasonable balance 
achieved between the simplicity of the interface and 
the complexity of the underlying operations. 
Consistency in size, style, placement of the GUI 
elements, and efficiency in implementation ensures 
a cohesive and responsive user experience. A 
snapshot of the Toolbox GUI Main Tab is provided 
in Figure 1. 
 

 
Figure 1 SONDAP GUI Main Tab. (1) This is the entry 
point for the Toolbox user. (2) AWAC module has been 
selected. (3) In this Tab, user selects instrument files, 
confirms metadata, and processing parameters. 
 
Being developed as a tabbed application in a Matlab 
environment ensures that DoT personnel are 
familiar with the aesthetics of the GUI. The GUI is to 
some extent self-documented through the layout of 
elements to suit an expected sequence of 
operations that comprise processing, analysis and 
reporting of data for a typical project, and this is 
aided by the concise labelling of elements to set 
expectations for the user and communicate 
expected outcomes at ‘first look’. 
 
The overall design philosophy of the GUI is to guide 
the user towards the goal of producing a quality-
controlled data report and a set of associated 
deliverables, with the progressive completion of the 
required processing and analysis steps: 
 
• Specification of raw file data, metadata to be 

attached, and processing and quality-control 
parameters to be applied. 

• Completion of data processing and production 
of quality-checked wave and current 
parameters. 

• Visualisation and user review of data in time 
series, rose plot, and spectral plot formats. 

• Review and optional modification of automated 
quality flags assigned to all parameters during 
initial processing. 

• Generation of reports and associated outputs 
for archiving and dissemination. 

 
At the GUI entry point upon launch, the user initially 
selects an instrument module. GUI elements will be 
activated as appropriate depending on the selected 
module, the stage of analysis the user has reached, 
and the corresponding state of the processed data 
set within computer memory. Progress is gated until 
certain conditions are met, and at each stage only 
options necessary to meet the immediate goals are 
made available to ensure ease of user decision 
making. Advanced features are hidden until 
explicitly invoked, while features not relevant to the 
selected instrument module are deactivated. 
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A corollary to the guiding philosophy is to anticipate 
and catch preventable errors in a processing 
configuration that will cause failures or otherwise 
not facilitate outputs of the required quality. This 
necessitates automated checking of user-input 
parameters and metadata and – where appropriate 
– restriction of possible inputs. Immediate visual 
feedback after errors guides the user towards 
corrective action. The user should not be able to 
cause a crash requiring reboot of the GUI. 
 
Regular visual feedback throughout operations is 
provided to reinforce correct behaviours and keep 
the user informed as to the progress of time-
consuming computational activities occurring in the 
background – which are a natural interruption to the 
user’s workflow. 
 
4.1.1 QA/QC Philosophy 
During processing and analysis, a set of automated 
and customisable QA/QC routines are applied to 
wave and current parameters to flag the data as 
‘good’, ‘suspect’, or ‘bad’. These checks include: 
 
• Global maximum/minimum range limits 
• Rate of change limit 
• Repeated value limit 
• Horizontal/vertical velocity limits 
• Instrument tilt limits 
• Limits imposed by wave theory on realistic 

ratios of maximum to significant wave heights 
and of wave heights to local water depth 

 
Each QA/QC routine uses a default set of limiting 
values as standard. These values are agnostic 
towards each data set and are designed to ensure 
that grossly poor data will not pass. However, as 
data values considered realistic and reasonable 
may vary markedly between sites, the automated 
QA/QC process may be judged overly permissive in 
some cases and overly restrictive in others. 
 
With this knowledge in mind, the overarching 
philosophy of the QA/QC process is to be non-
destructive. Questionable data is not discarded, but 
merely flagged in a manner that can be reversed 
after manual review. A visual interface offering full 
control over quality flag status for individual 
parameters and parameter groups, or on a global 
basis, allows the user to apply experience and site 
knowledge as an adjunct to the automated checks. 
 
4.2 Metadata 
Standard metadata fields required by DoT– 
including project, location, and data source – are 
specified at the input stage and are maintained 
through all stages of processing to the ultimate 
archiving of data. Further metadata fields are added 
automatically during analysis, including overall data 
period and QA/QC pass rates. 
 

The Toolbox is integrated with both the DoT internal 
metadata repository and with its searchable 
database of processed data products. System user 
credentials are automatically detected and attached 
to all archived data, reports, and associated 
deliverables produced by the Toolbox to ensure 
chain-of-custody needs are met and all products 
have an audit trail. 
 
4.3 Nortek AWAC Module 
From AWAC ADCP data, the Toolbox extracts 
primary wave parameters such as Hs, Tp, and Dp, a 
host of wave parameters of secondary importance 
(for example, Hmax and mean wave heights), and 
three-dimensional water column current profiles 
from which surface-layer, depth-averaged and 
bottom-layer directional currents are extracted as 
summary parameters. The methodologies used are 
described in Section 3. 
 
4.4 Nortek Signature Module 
In comparison to the AWAC ADCP, the Signature 
ADCP is an instrument of greater complexity and a 
larger array of post-processing and data correction 
options are possible. The fixed-frame seabed 
deployment configuration in use by DoT, however, 
is almost identical to that of the AWAC and so much 
of the potential flexibility in analysis is not required. 
As such, the algorithms used to analyse the data are 
functionally identical to those of the AWAC, and the 
extracted parameter set is also the same. 
 
4.5 RBR Pressure Transducer Module 
Only non-directional wave parameters – including 
significant wave height, peak wave period, and zero 
up-crossing wave period – are derived from RBR 
pressure transducer data. The focus of this module 
is examination of Infragravity (IG) and long-period 
waves, with wave parameters calculated for multiple 
customisable wavebands.  There are several user-
specified limits such as the shortest gravity wave 
period used for analysis due to dynamic pressure 
attenuation.  An example of the PT Module is shown 
below in Figure 2. 

 
Figure 2 PT Module. (1) upper left hand pane is the 2D 
surface elevation spectrum in its entirety. (2) upper right 
pane is 3D surface elevation spectrum. (3) Lower two 
panes are timeseries of IG and gravity wave conditions. 
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5. Output Products 
 
5.1 AWAC and Signature Output Products 
 
For the AWAC and Signatures used by DoT, the 
Toolbox provides numerous options to output data 
products. A total of 55 parameters can be exported 
either individually or in combination with other 
parameters, allowing over 1,000,000 unique types 
of grouped parameter output. Each parameter is 
assigned to one of seven categories: Instrument, 
Waves (PUV), Waves (AST), Waves (TDA), 
Surface Current, Depth-Averaged Current, and 
Bottom Current. Using parameters from these 
groups, an end-user may then create five plotting 
types: timeseries, rose, Joint Frequencies Table 
(JFT), scatter, and vector. Finally, data products can 
be exported to a range of .csv, .xlsx, .txt, .fig, .pdf, 
and .png file types. 
 
To facilitate uniformity of output, a standard data 
reporting option was added. This option exports 
data products from parameters relevant to many 
nearshore investigations, using the five plotting 
types after processing is complete. Standard data 
products shown Table 1. are stored logically in 
automatically generated filing structures using .xlsx, 
.txt, .pdf, and .png file types. The most important 
feature of the standard data reporting is creation of 
a .pdf standard data report which collates all the plot 
types identified in Table 1 to a concise, formatted 
document preceded with a conditions of supply 
page, a contents page, and a page with relevant 
metadata for a wholistic end-user reference.  
Table 1   Standard output plot types showing parameters 
plotted. Wave parameters are output from all PUV- and 
AST-based processing streams, alongside Time Domain 
Analysis (TDA) parameters. Common oceanographic 
parameter terms are used here, with IMOS terminology 
applied for lesser known terms [3, 4, 6]. 

Plot Type Parameters Plotted 
Timeseries Plot Hmax, Hs (total, swell, sea), 

Dp (total, swell, sea), Dm 
(total, swell, sea), Tp (total, 
swell, sea), Tm (total, swell,  
sea), CSpdSurf, CDirSurf, 
CSpdDepAv, CDirDepAv, 
CSpdBott, CDirBott, Depth, 
Water Temperature, Voltage, 
Pitch, Roll, Heading 

Rose Plot Hs (total, swell, sea), Tp 
total, Dp (total, swell, sea), 
CSpdSurf, CDirSurf, 
CSpdDepAv, CDirDepA, 
CSpdBott, CDirBottQ 

JFT Hs (total, swell, sea), Tp 
total, Dp (total, swell, sea), 
CSpdSurf, CDirSurf, 
CSpdDepAv, CDirDepA, 
CSpdBott, CDirBottQ 

Scatter Plot Hs total, Tp total 

Vector Plot CSpdSurf, CDirSurf, 
CSpdDepAv, CDirDepA, 
CSpdBott, CDirBottQ 

 
An example of a rose plot as presented in the 
standard data report (Figure 3), demonstrates the 
desired style of output for an efficient end-user 
experience.  
 

 

 
Figure 3 Rose plot examples provided in a standard data 
report for surface currents (top) and seabed currents 
(bottom): (1) the two parameters plotted are CSpd and 
CDir(°) parameters appropriate for the depth; (2) the 
location plotted is the Carnarvon Fascine nearshore zone 
spanning from March 19th 2021 to May 5th 2021; (3) this 
plotting style makes it clearly visible that a stratified flow 
exists in the water column at Tantabiddi for the 
deployment period.  
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5.2 Pressure Transducer Output Products 
 
DoT’s pressure transducer instruments require 
separate methods to output useful data products 
compared to the ADCPs. Defining the wave 
spectrum is the primary focus from these datasets, 
with neither directional wave nor any current data 
applicable to the output.  
 
In a similar vein to Section 5.1, a total of 42 
parameters can be exported either individually or in 
combination with other parameters. Each of the 42 
parameters is assigned to one of four categories: 
Instrument, Waves (Sea/Swell), Infragravity (IG) 
Waves (IG/Long), and Waves (All). Using the 
parameters from these groups, an end-user may 
then create five plotting types: timeseries, JFT, 
scatter, 2D spectral, and 3D spectral. Finally, data 
products can be exported to a range of .csv, .xlsx, 
.txt, fig, .pdf, and .png file types. 
 
The standard data reporting option is also available 
for pressure transducers to export data products, 
using the five plotting types after processing is 
complete (Table 2). Standard data products shown 
in Table 2 are stored with the same automatically 
generated filing structures using .xlsx, .txt, .pdf, and 
.png file types. A .pdf standard data report is then 
created to collate all the plot types identified in Table 
2 using a similar style to that discussed in Section 
5.1. 
Table 2 Standard output plot types showing parameters 
plotted. Wave parameters are output from a pressure-
based FFT processing stream alongside TDA 
parameters. Common oceanographic parameter terms 
are used here. 

Plot Type Parameters Plotted 
Timeseries Plot H10 (long, IG, swell, sea), Hs 

(long, IG, swell, sea), Tp 
(long, IG, swell, sea), Tz 
(long, IG, swell, sea), Tm 
(long, IG, swell,  sea), Depth, 
Pressure  

JFT Hs (long, IG, swell, sea), Tp 
(long, IG, swell, sea) 

Scatter Plot Hs (long, IG, swell, sea), Tp 
(long, IG, swell, sea) 

2D spectral plot Frequency, Spectral Density 

3D spectral plot Frequency, Spectral Density 

 
To further improve information presented to the 
end-user, frequency bands are added to the 2D and 
3D spectral plots, allowing efficient identification of 
energy peaks between relevant frequency ranges. 
In the standard data report, typical frequency bands 
are provided for very long (>300s), IG (300s to 30s), 
swell (30s to 8s), and sea (<8s); additional 

frequency bands are then added where necessary 
for each dataset. An example of final output is 
presented in Figure 4. 
 

 
Figure 4 A 3D spectral plot example provided in a 
standard data report: (1) the two parameters plotted are 
Frequency (Hz) and Spectral Density (m2/Hz); (2) the 
location plotted is the Ocean Reef nearshore zone 
spanning from early 2018 to early 2020; (3) this plotting 
style demonstrates that peaks in the wave energy 
spectrum occur at ~10s, ~16s, ~40s, and ~110s for most 
of the two-year deployment period, with occasional 
storms generating additional energy spikes across the 
spectrum. 

 
6. Discussion and Conclusions 
 
6.1 Future Developments 
The rapidly moving information technology space 
has created new opportunities to expand 
capabilities of the existing SONDAP Toolbox. DoT 
are currently progressing improved methods for 
database storage and data dissemination. An 
important area of development is in the geospatial 
landscape, affording simple GUI elements for less 
knowledgeable end-users to create their own data 
products on-the-fly. DoT already uses an in-house 
Coastal Information Spatial Browser (CISB) 
developed from GeoCortex tools by ESRI 
ArcGIS™. The CISB already contains a basic 
oceanography layer, with options to display existing 
AWAC deployment locations (Figure 5); when an 
AWAC icon is clicked then basic metadata can be 
viewed for that deployment’s location.  
 
The desired goal is to incorporate Toolbox outputs 
from all its processed instrument data into the CISB, 
or some other similar spatial interface. When an 
icon is clicked with this new functionality, a separate 
GUI will be launched allowing plotting tools and data 
export options for the end-user from the Toolbox 
output. The same plotting options as in Section 5 
will be available, though with improved functionality 
to allow direct cross-comparison of different 
deployments from other locations and/or time 
periods. Similar products already exist, such as the 
Integrated Ocean Observing System Model 
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Viewer™, developed by RPS. DoT will work to 
adapt existing tools like this for its own purposes. 
 

 
Figure 5 DoT CISB excerpt with: (1) AWAC deployment 
locations provided as icons for the Perth metro area; (2) 
each icon can be clicked to view additional metadata; (3) 
the desired goal is that clicking any icon will launch an 
interactive GUI for that deployment location. 

Other areas of future development include addition 
of other instruments to the Toolbox processing 
capabilities. Potential instruments under future 
consideration include the Nortek Aquadopp™ 
ADCP and the Teledyne Workhorse Sentinel™ 
ADCP, plus any other instruments when/if the need 
arises. 
 
6.2 Conclusions 
DoT Maritime in partnership with RPS has 
developed a purpose built, state of the art Toolbox 
for processing AWAC, Signature, and PT datasets 
collected as part of the SONDAP Program.  It is 
capable of providing valuable processed datasets 
for gravity waves, currents, water levels, and IG 
waves. 
 
Future developments include expanding upon the 
modular capability to process data from other 
instruments.  Integration of processed data into a 
DoT spatial database is ongoing. 
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Abstract 
Many marine industries require accurate wave forecasts to plan and execute operations both in coastal and 
offshore areas. While spectral wave models (e.g. WAVEWATCH III) have proven to be robust forecasting 
tools, and are numerically efficient, they are subject to a range of errors and biases due to the input wind fields, 
parameterizations of physical process, and incorrect/under-resolved bathymetry. As a result, improvements in 
forecast skill can be difficult to achieve within existing modelling frameworks. Here we present results of an 
effort to use several Machine Learning (ML) algorithms to improve wave forecasts at a port facility at Barrow 
Island in northwest Australia. Our approach was to train the ML models to identify and correct errors in a high-
resolution regional wave model, which was nested within a global wave and atmospheric model. Four different 
ML models were trained using 2.5 years of archived forecast data and wave buoy observations. The models 
were trained to produce adjusted 5-day forecasts of the one-dimensional spectrum from which the significant 
wave height (Hs) and peak period (Tp) were calculated. The spectral predictions from the 4 ML models were 
combined into an ensemble forecast and compared to 5 months of buoy observations (these data were not 
used in the training). The root mean square error of the forecasted Hs and Tp (by both the ML ensemble and 
numerical wave model) was calculated against the buoy observations, with the skill of the ML forecasts 
evaluated based on its performance relative to the operational numerical wave model. On average, over the 5 
month evaluation period the ML method reduced the forecast errors for Hs by 10% and by 68% for peak period. 
This work has demonstrated that ML can be a useful tool in improving operational wave forecasts and has 
broader applications in a range of forecasting applications. 
 
Keywords: machine learning, wave forecasting, wave modelling. 
 
 
1. Introduction 
Spectral wave models, such as WaveWatch III [7], 
provide the fundamental physics necessary to 
describe the generation and propagation of wind-
driven ocean waves in a computationally efficient 
method and thus are the primary type of model used 
to generate wave forecasts. However, as is the case 
with any numerical model, they are subject to errors 
that can result from incorrect boundary and initial 
conditions, poor spectral resolution, as well as  
parameterized physical processes. Examples of 
parameterized physical processes include the 
empirical wind wave growth and dissipation 
formulations, and the distribution of energy across 
the energy spectrum, while errors in boundary and 
initial conditions can result from the wind fields used 
to generate waves and incorrect (or poorly resolved) 
bathymetry used in the model. However, given the 
deterministic nature of wave models (i.e. the same 
wave field will always be predicted for the same 
wind field) errors may present as repeating, albeit 
subtle, patterns. As a result, Machine Learning (ML) 
algorithms offer an attractive option to identify and 
reduce these errors, ideally resulting in an improved 
wave forecast. This project evaluated the ability of 
several different ML models to identify and correct 
potential errors in an Australian Bureau of 

Meteorology (BoM) high-resolution WaveWatch III 
model, which was developed and calibrated to 
produce forecast for a port facility at Barrow Island 
in Australia’s northwest (Figure 1). In particular, the 
focus was on improving the forecast for the waves 
that often develop in the autumn and winter months 
(May – August) when a ridge of high-pressure is 
typically located over central Western Australia 
resulting in strong easterly winds that generate seas 
perpendicular to the port berths (beam seas). 
However, the spectrum is often bi-modal with 
Southern Ocean swell also present. 
 
Conceptually, ML models are non-linear, non-
stationary functions that map some input (i.e. 
forecasted wave conditions) to some target output 
(i.e. corrected wave forecast). Such a mapping 
represents an approximation of the underlying 
physical processes that may be absent or 
parameterized in the wave model. Unlike 
deterministic models, the exact expression of the 
mapping function is not defined upfront, but 
“learned” through the training process by going 
through a large number of input-output pairs, known 
as training examples. The primary challenge of 
developing an effective ML model is to ensure the 
mapping function, which is developed on training 
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examples, can generalise well on unseen data that 
are perhaps similar (statistically) to, but not identical 
to, existing training examples.  
 
2. Method 
2.1 Observations 
Wave observations were made by two directional 
Datawell Waverider (DWR) Mk3 wave buoys 
deployed adjacent to the port (Figure 1). Data from 
the ‘Outer’ location (12 m depth) was collected from 
October 2017 to December 2019 and from the 
‘Inner’ location (10 m depth) from September 2019 
to October 2020. After December 2019 the Outer 
buoy location was not occupied in favour of having 
wave observations closer to the port jetty at the 
Inner location. Given the proximity of the two buoys 
(~2.2 km apart) and the desire for a continuous data 
stream for training and evaluation purposes of the 
ML models, the data was mostly treated as if it were 
from the same location. The data collected by the 
buoys was processed using Datawell’s standard 
method using 30 minute blocks of the displacement 
data [2].  
 
The spring tidal range at Barrow Island can exceed 
4 m. Given the shallow depths adjacent to the port 
facility a continuous record of hourly tidal levels was 
produced for the training and analysis period using 
tidal constituents derived from a tidal station at the 
port facility using U_Tide [1]. Tidal levels were not 
included in the wave model and thus represent a 
potential source of error that could be corrected by 
the ML models. 
 
2.2 Numerical forecast 
Wave forecasts for Barrow Island were produced by 
an unstructured WAVEWATCH III (WW3) model 
with a resolution of up to 250 m at the port facility. 
The unstructured wave model was nested within a 
global wave model AUSWAVE [3] coupled with 
BoM’s ACCESS-G3 atmospheric model. The 
atmospheric model also provided wind fields to the 
high-resolution unstructured wave model. Every 12 
hours the numerical model produced a 7-day, hourly 
interval, forecast of the 2-dimensional wave 
spectrum and derived quantities (e.g. significant 
wave height, Hs; peak spectral period, Tp; and peak 
spectral direction, Dp). Bathymetry in the high-
resolution model was based on a 100 m bathymetric 
product produced by [6] covering the region from 
west of Barrow Island to the Dampier Archipelago. 
The gridded dataset combines bathymetry from 
number of sources including multibeam, LADS 
bathymetric LiDAR, and hydrographic charts. In the 
vicinity of Barrow Island a higher resolution and 
more recent bathymetric grid was provided by the 
port operator consisting of multibeam surveys in the 
direct vicinity of the port and a 2005 LADS 
bathymetric survey over a wider area. The higher 
resolution bathymetry data was interpolated onto 
the unstructured wave model domain.  

The unstructured wave model was calibrated based 
on Hs recorded at the Outer wave buoy shown in 
Figure 1. An automated model optimisation package 
[5] was used to calibrate a wave hindcast for August 
2019 (a period during which ships had difficulty 
loading at the port). Calibration included a small 
increase in atmospheric energy transfer (flux 
parameter) to compensate for biases in the wind 
field as well as optimisations for swell coefficients in 
the observation physics package [8]. 
 

 
Figure 1. Satellite image showing port facility at Barrow 
Island and the ‘Inner’ and ‘Outer’ locations of the two 
Datawell Waverider (DWR) buoys. The inset indicates the 
location of Barrow Island in Australia 

 
2.3 Machine Learning 
Four independent ML models were trained using the 
archived forecast from the high–resolution 
numerical wave model (and wind fields), wave buoy 
observations, and predicted tides. The training 
period covered October 2017 and May 2020 while 
the ML method was evaluated using unseen data 
between 1 June 2020 and 23 October 2020.  
 
2.3.1 Data preparation 
All ML approaches implicitly rely on training data 
and the resultant models are heavily influenced by 
the manner in which the training data is presented. 
Pre-processing of the data is thus a critical first step. 
The data from the wave buoy and tides were first 
grouped into blocks of seven days to match the 7-
day BoM forecasts over the ML model training 
period between October 2017 and May 2020. This 
included aligning the times of the buoy 
observations, collected at 30-minute intervals, to the 
top of the hour corresponding to the forecast times 
(the time stamp of the buoy observations was ± 5 
minutes from the top of the hour and half-hour). To 
avoid having the ML models ‘learn’ the slight 
differences in the wave conditions between the 
Inner and Outer buoy locations, the BoM forecast 
data was extracted for the correct buoy location (i.e. 
Outer location from October 2017-August 2019, 
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Inner location September 2019- May 2020). Each 7-
day BoM forecast was then processed to extract the 
forecast data and the matching buoy data for the 
first five days of the forecast.  
 
As the forecast errors grow during the forecast 
range, it was decided not to use the forecast data 
beyond five days for training. Early experiments 
used the full 7-day forecast, however this resulted 
in larger errors due to the BoM forecasts showing 
considerable changes between successive 
forecasts in the last two days of the forecast period 
and the ML models learning to predict a pattern that 
did not eventuate.  
 
To enable the ML system to ‘see’ the weather 
pattern that had most recently occurred (e.g. 
whether there have been strong easterly winds the 
last two days), prior to the first hour of each new 
forecast the first 12 hours of the previous four 
forecasts were used to construct a hindcast for the 
previous 48 hours. For example, the 1 August 00:00 
base time forecast would use the first 12 hours from 
the 31 July 12:00, 31 July 00:00, 30 July 12:00, 30 
July 00:00 base time forecasts to reconstruct the 
period from 30 July 00:00 to 1 August 00:00. Visual 
examination of the data indicated relatively coherent 
patterns over periods of 48 hours. As such, the ML 
system was set up to look at 96 hour blocks. The 
ML models would learn by looking at the forecast 48 
hours in the past and 48 hours in the future of the 
target hour, to see the weather patterns that had 
been predicted to occur over the 96-hour period. 
The ML models then used a sliding window to learn 
from the forecast and the buoy data for each hour of 
the forecast for the first 3 days. Given the 48-hour 
look-ahead the ML models were effectively using 
the first 5 days of the forecast to learn from.  
 
The forecast, buoy, and tidal data were then 
organised into larger blocks to train the ML models 
and develop prediction models for each calendar 
month. Despite data (buoy and forecast) being 
available throughout the year, the seasonality in the 
weather and wave patterns means that the 
conditions in January and June are often quite 
different. To incorporate this seasonality and 
exclude the impact of January’s conditions on 
predictions from June, it was decided to build ML 
models for each month, taking data from the 
previous and following month and a half; so early or 
late arriving monthly patterns would be seen and 
learnt. For example, the ML model for August was 
developed using training data from mid-June to mid-
October for all the years for which data was 
available, while July would use mid-May to mid-
September. 
 
2.3.2 Machine Learning Models 
Four different ML models were used in this project 
each with specific strengths. Here we only provide 

a very brief overview of the models, however for 
greater detail the reader is directed to [4] who review 
many of the ML models used here.  
 
The four models used were based on the following 
ML technologies: Gated recurrent units (GRU, a 
type of gated recurrent neural network), 1D 
convolutional neural networks (CNN1D), residual 
networks (ResNet) and dense networks. In order to 
handle sequential data successfully, they can 
‘memorise’ parts of the inputs and use them to make 
predictions. These networks are at the heart of 
speech recognition, and language translation. The 
GRU remembers patterns it has seen before and 
attempts to generalise them. CNN1D is used to 
process one-dimensional streams of data. It learns 
the shapes of the input data and translates it to the 
corresponding output. From this, it can generalise 
and predict the output from unseen input data. 
ResNet is an image processing approach that 
passes a residual value through the network. The 
system then calculates the difference between the 
input and the output and uses that to predict the final 
value. The dense network is the simplest neural 
network structure. It simply connects layers of 
nodes simulating neurons together to learn. It then 
can predict outputs based on the patterns it has 
learnt. 
 
2.3.3 Model Training 
To train the ML models the data was split into three 
sets. The first set was 70% of the data and was used 
to train the models. The training data was used to 
incrementally improve the model’s ability to predict 
the forecast. This took hundreds of epochs 
(iterations), in each epoch the model was expected 
to improve. 
 
The second set was 20% of the data and was used 
to validate the models. After every epoch, the 
validation data was used to see if the ML models 
were able to generalise against data they had not 
been trained upon. If the model did not perform well 
against the validation data for several epochs, the 
run was terminated, and the model adjusted.  
 
The final set used the remaining 10% of the data 
and was used to test the final models after training. 
This set of data was not seen by the models for 
training or validation and was used for the final 
assessment of the model's ability to generalise. 
Because the hindcast covered a 7-day forecast, we 
had to ensure the learning system did not see 
patterns that overlapped with following forecasts 
that were saved for testing. For example, for training 
purposes the 1-Aug-2020 00:00 basetime forecast 
includes the forecast and observations through the 
7th of August (although only the first 5 days are 
used). As such we had to ensure any time before 
the 8th of August was not used for the testing as 
these data were included in the training. This 
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required us to withhold at least two consecutive 
weeks of data to ensure the model had not seen the 
patterns and was able to generalise correctly. 
 
2.3.4 Machine Learning Model Predictions  
Initially the ML models were trained to predict the  
wave parameters (Hs, Tp, and Dp) directly. 
However, as shown below, while resulting in 
improved predictions for Tp and Dp, this did not 
result in improved forecasts for Hs. This ‘direct 
prediction’ method also does not take advantage of 
the considerably richer data that is contained within 
the wave spectrum. As such our focus was directed 
towards training the ML models to predict the 1-
dimensional spectrum (energy as a function of 
frequency) from which Hs and Tp can be directly 
calculated. The 2-dimensional spectrum (energy as 
a function of frequency and direction), which WW3 
natively predicts and can be estimated from the 
buoy observations, represents a dramatic increase 
in the amount of data and thus memory/computation 
and therefore was not predicted. Predicting the 2-
dimensional spectrum is a focus of ongoing work.  
 
Using the 1-dimensional spectrum predictions made 
by the ML models, the Hs and Tp are calculated in 
the same manner as done from the BoM forecast 
output. The one-dimensional spectrum also allows 
us to calculate the partitioned (i.e. sea and swell) 
significant wave height and periods. However, by 
not extending the method to predict the 2-
dimensional spectrum, we cannot modify the 
forecast of the directional properties of the waves.  
 

 
Figure 2. Schematic of the wave spectrum-based forecast 
correction system. 

Figure 2 shows a schematic of the workflow for the 
spectral approach. An example of the BoM 
forecasted, ML forecasted, and observed one-
dimensional spectrum is shown in Figure 3. As 
wave energy scales as the wave height squared, 
the difference in energy between 0.15 m waves and 
1.5 m waves spans two orders of magnitude. ML 
models generally do not perform well over very 
large ranges of numbers or with very small 
numbers. As a result, we set the minimum spectral 
energy at 1 × 10−2 m2s-1 which means the smallest 
significant wave height the ML models were able to 
predict was 0.28 m. This also fed into our decision 
to only evaluate conditions where the observed 
wave height was 0.25 m or larger. Further, the BoM 

model also has 0.15 m set as the minimum 
forecasted wave height (i.e. for very low energy 
conditions the forecasted Hs is set to 0.15 m). 
 
2.3.5 Machine Learning Forecast Ensemble  
To obtain better predictive performance than could 
be obtained from any of the four ML models alone 
we combined the four predictions into an ensemble. 
The ensemble method used here is a weighted 
average with the weights for each of the four ML 
models based on their respective performance in 
each month. The performance for each month was 
determined based on each model's ability to 
generalise and make accurate predictions during 
the training. The ensemble is produced by 
increasing the weights within the ML networks for 
the best performing model for each month while 
reducing the weights in the networks for the worst 
performing model(s). This produced a large 
weighting matrix that is used to scale the outputs of 
the four models to give a final prediction. 
 

 
Figure 3. The 1D frequency spectra. The top is the BoM 
forecast, the middle is the output of the ML system, and 
the lower is the observed spectra from the buoy. 

 
3. Results 
To evaluate the performance of the ML models we 
compute the root-mean-square error (RMSE) for 
both the BoM forecasts and ML forecasts. Both 
models were compared to the buoy observations of 
Hs, Tp and Dp with the RMSE calculated as: 
 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �∑ (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖−𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖)2
𝑛𝑛
𝑖𝑖=1

𝑛𝑛
,     (1) 

 
where Fcst indicates the BoM or ML forecast and 
Buoy indicates the buoy observations for each 
variable (e.g. Hs) at each hourly time point i, and n 
indicates the total number of time points in each 
forecast (120 for 5 days of hourly forecast points). 
To focus the error evaluation on the conditions most 
likely to impact operations, we only evaluate the 
BoM and ML forecasts for time points when the Hs 
measured by the wave buoy exceeded 0.25 m. The 
RMSE was calculated for each 120-hour forecast 
between 1 June 2020 and 23 October 2020 with the 
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total error for the BoM and ML forecasts over the 
approximate 5-month period calculated as the 
average RMSE across all 288 forecasts. The 
percentage increase or decrease in forecast skill 
was calculated as the fractional improvement of the 
forecast relative to the RMSE of the BoM forecast. 
For example, if the average RMSE for the BoM 
forecasts was 0.1 m versus 0.09 m for the ML 
forecast, the ML method resulted in a 10% reduction 
in the forecast error. Finally, the RMSE was also 
calculated and averaged for each day of the 5-day 
forecasts over the 5 months to identify trends in the 
forecast skill over the forecast range.  
Table 1. Summary of error statistics for BoM forecast and 
the ensemble of the ML models to predict both the bulk 
parameters directly as well as the spectra from which the 
significant wave height and peak period are derived. A 
negative improvement indicates that the ML method 
made the forecast worse than using the original BoM 
forecast. Note that all RMSE values are calculated only 
for times when the total Hs (as recorded by the buoy) was 
0.25 m or larger. 

  Parameters Spectral 

Hs 
BoM RMSE (m) 0.18 0.18 

ML RMSE (m) 0.22 0.17 

% improvement -20.0 10.2 

Tp 
BoM RMSE (s) 4.34 4.34 

ML RMSE (s) 1.54 1.39 

% improvement 64.5 68.1 

Dp 
BoM RMSE (deg) 37.10 N/A 

ML RMSE (deg) 33.83 N/A 

% improvement 8.8 N/A 
 
As noted previously, the first ‘direct prediction’ 
method trained the ML models to make adjusted 
forecasts of Hs, Tp, and Dp (rather than the 
spectra). Using the direct prediction method for Hs, 
the ML adjustments increased the forecast error by 
20% (i.e. RMSE of 0.18 m versus 0.22 m for the 
BoM and ML forecasts respectively), while the ML 
approach reduced the forecast error for Tp by 65% 
(4.3 s versus 1.5 s for the BoM and ML forecasts 
respectively) and 9% for Dp (37.1 degrees versus 
33.8 degrees for the BoM and ML forecasts 
respectively) (Table 1).  
 
The second ML method trained the ML models to 
predict the 1-dimensional wave spectrum from 
which Hs and Tp were calculated rather than 
predicting the bulk wave statistics directly. This was 
motivated by the reduction in forecast skill (i.e. the 
ML method made the forecast worse) for the first 
‘direct prediction’ method when considering wave 
height compared to the BoM forecast alone (Table 
1). The spectrum contains considerably more 
information and also allows the calculation of wave 
height and peak period in partitions (e.g. sea and 

swell). An example of a spectral forecast and 
corresponding observations is provided in Figure 3.  
 
From each spectral prediction the significant wave 
height was calculated as: 
 

𝐻𝐻𝐹𝐹 = 4�∫𝑅𝑅(𝑓𝑓)𝑑𝑑𝑓𝑓,                     (2)      
       
where the integration ranges between 0.035 to 
0.5175 Hz (consistent with the BoM model), S is the 
calculated energy spectrum and f is frequency. The 
peak period was defined as the period of the 
frequency bin that contained the maximum spectral 
energy (also consistent with BoM). 
 
By using the ML method to predict the 1-
dimensional wave spectrum and then calculating 
the wave height and peak period, the RMSE for both 
parameters was reduced as compared to the first 
‘direct prediction’ method. The spectral ML forecast 
adjustments resulted in a 10% reduction 
(improvement) in the BoM forecast RMSE for Hs 
and a 68% reduction for Tp (Table 1 and Figure 4). 
As we are only predicting the 1-dimensional 
spectra, we are not able to calculate the peak 
direction (prediction of the 2-dimensional spectra is 
proposed as future work). Similar to the BoM 
forecasts for wave height, the RMSE for the ML 
adjusted wave forecasts increases over the 5-day 
forecast but remains relatively consistent for peak 
period (Figure 5). 
 

 
Figure 4. Bar graphs indicating the average RMSE over 
the 5 months (1 Jun- 23 Oct) for both the BoM and ML 
forecasts for significant wave height and peak period. 
Here the ML forecasts are using the methodology to 
predict the wave parameters from the wave spectrum. 

The time series comparisons for the spectral 
method reflects the improvement in the average 
RMSE across the 5-month evaluation period. 
Figures 6 and 7 provide examples of BoM forecasts, 
forecasts adjusted using the ML spectral method, 
and the corresponding buoy observations. In the 
case of the 2 July 00:00 base time forecast (Figure 
6) the ML forecast captures the rise in wave height 
on 3 July approximately 6 hours before the BoM 
forecast predicts it. The ML forecast also more 
correctly captures the reduction in the wave heights 
after each of the peaks in wave height on the 3rd, 4th 
and 5th of July. The ML approach consistently 
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provides better predictions of the peak period. In the 
second example from the 27 September 00:00 base 
time forecast (Figure 7), the ML forecast better 
resolves the increases in wave height in the first 48 
hours of the forecast including the delayed onset, 
compared to the BoM prediction on September 27, 
the rapid decrease and minimum in the wave 
heights after the peak on September 28. The ML 
forecast also better captures the second peak on 
September 28th into the 29th. The ML forecast also 
improves the peak period forecasts but misses the 
swell peak on 1 October (Figure 7).  
 

 
Figure 5. Forecast RMSE by forecast day over the 5 
months (1 Jun- 23 Oct) for both the BoM and ML forecasts 
for significant wave height and peak period. Here the ML 
forecasts are using the method to predict the wave 
parameters from the wave spectrum. 

For the peak wave period the ML forecast 
performance is very good for both the direct 
prediction and spectral methods with RMSEs less 
than 2 s in both cases (Table 1). This provides a 
good example of how the ML models learn. In 
general, inspection of the BoM forecasted and 
observed energy spectrum shows that the BoM 
forecast tends to over-predict the amount of swell 
energy in the spectrum (not shown) leading to the 
peak period sometimes being dominated by the 
swell period. The ML models have ‘learned’ that the 
BoM forecast consistently over-predicts the relative 
amount of swell and thus keeps the peak period to 
be associated with the sea energy (e.g. Figure 6 is 
representative). 
 

 
Figure 6. Example of time series from the BoM high-
resolution model forecast (black), the ML adjusted 
forecast (blue), and buoy observations (red). Here the ML 

forecasts are using the method to predict the wave 
parameters from the wave spectrum. The flatline at 0.15 
m for the Hs in the BoM forecast is due to the minimum 
forecast height set in the BoM model. 

By predicting the one-dimensional spectra we are 
also able to calculate the significant wave height 
and peak periods for the sea and swell partitions 
(based on a 10 s [0.1 Hz] cut off between sea and 
swell). For each spectral prediction (both BoM and 
ML) the significant wave height was recalculated 
using equation (2) between 0.035 and 0.1 Hz for 
swell and 0.1 to 0.5175 Hz for sea. The RMSE 
statistics for the sea/swell significant wave height 
and peak period predictions are provided in Table 2. 
For sea conditions the ML spectral methodology 
results in nearly a 13% reduction in the forecast 
errors on average for Hs and a 39% reduction for 
Tp. For the swell conditions, the ML methodology 
results only in a 4% reduction in the forecast errors 
for Hs but considerably degrades the swell Tp 
forecast by nearly doubling the RMSE. However, 
the buoy observations show generally very little 
wave energy in the swell band with significant swell 
wave heights often 0.1 m or less. The performance 
predicting the swell was heavily impacted by the 
1 × 10−2 m2s-1 energy cut off (see Section 2.3.4). 
 

 
Figure 7. Example of time series from the BoM high-
resolution model forecast (black), the ML adjusted 
forecast (blue), and buoy observations (red). Here the ML 
forecasts are using the method to predict the wave 
parameters from the wave spectrum. 

Table 2. Summary of error statistics for BoM forecast and 
the ensemble of the ML models to predict the sea and 
swell wave height partitions as well as the peak period in 
each partition. A negative improvement value indicates 
that the ML method made the prediction worse than using 
the original BoM forecast. Note that all RMSE values are 
calculated only for times when the total significant wave 
height (as recorded by the buoy) was 0.25 m or larger. 

 

 
BoM 

RMSE 
ML 

RMSE  
% 

improvement 
Hs Sea (m) 0.19 0.16 12.6 

Hs Swell (m) 0.49 0.47 4.0 

Tp Sea (s) 1.72 1.05 38.7 

Tp Swell (s) 4.27 8.33 -94.8 
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4. Discussion and Conclusions 
This study utilised four independent ML models to 
improve  wave forecasts at a port facility in 
northwest Australia. Rather than replace the 
numerical wave forecast, the ML models, which 
were combined into an ensemble, were trained to 
identify and correct errors in the existing numerical 
wave forecasts therefore preserving the physical 
basis of the original forecasts. The results showed 
than by using the forecast 1-dimensional spectrum 
as an input, forecast errors could be reduced by 
10% for Hs and 68% for Tp using the ensemble of 
the four ML models. While forecast errors in Hs 
were only reduced by 10%, incremental 
improvements in wave forecasts can provide 
confidence to complete vessel loading operations in 
port or complex offshore operations. The largest 
performance increase was seen for sea conditions 
rather than for swell (Table 2). Future improvements 
at the site will be directed at improving the swell 
forecasts. However, the orientation of the berths at 
the Barrow Island facility are perpendicular to the 
strong easterly winds, and associated seas, such 
that at the site the sea conditions cause the largest 
vessel motions (roll) compared to the swell 
conditions which induce the largest vessel motions 
at many similar facilities. 
 
The training of the ML models was computationally 
expensive (between 6-10 hours per month on a 
high-end GPU) however the execution of the 
forecast corrections was completed in less than 10 
seconds, thus indicating the system could be used 
operationally. The dataset used to train the ML 
models was relatively small (2.5 years) by ML 
standards. It is expected that with a larger dataset, 
covering a larger range of conditions the ML 
forecast performance would increase further. In an 
operational setting one approach to benefit from 
these additional data streams would be to program 
in ‘continuous learning’ into the ML system. The ML 
models could be updated periodically (e.g. monthly) 
using all available new data and easily integrated 
into the forecast framework.  
 
Other future work will entail extending the method to 
the 2-dimensional spectrum to enable predictions of 
the wave directional properties as well as including 
real-time observations into the system. In the 
current approach the ML models only see the BoM 
forecasts as an input and thus do not know if these 
are correct in the 12 hours between the current 
basetime forecast and next forecast interval. The 
framework proposed here could be updated to 
ingest real-time data streams and produce updated 
interim forecasts based on the agreement between 
the current forecast and real-time wave and wind 
conditions.  
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Abstract 
Natural sandy beaches around the world are facing increasing threats of erosion from wave action. An 
understanding of how waves behave in the nearshore of beaches, specifically the swash zone is therefore 
paramount to enable coastal managers to mitigate further damage to these ecological, economic, and socially 
significant areas. However, the temporally and spatially variable nature of intermediate beaches (which 
dominate southeast Australia), results in high levels of error when using empirical models to predict runup. 
There is, therefore, a need to gain a better understanding of swash zone processes on intermediate sandy 
beaches to better predict water level extremes.  
 
This research investigates the relationship between nearshore morphology partitioned into inner and outer 
swash hydrokinematic regions, and swash statistics of four intermediate beaches on the southeast Australia 
coastline. The results indicate a positive correlation between both inner and outer swash size (width and 
vertical extent) and the shoreline setup and 2% runup exceedance level. This indicates that beaches with 
larger swash zones exhibit greater runup extremes and greater contributions of shoreline setup. The findings 
of this research highlight the complexities in using simple parameters in empirical runup models and the 
importance of swash zone morphology on predicting runup extremes. The varying shoreline setup contribution 
dependent on size of the inner and outer swash zones suggest a scaled approach to estimating shoreline 
setup when predicting runup extremes on natural beaches which may lead to more accurate runup estimates.   
 
Keywords: beaches, swash, runup, setup, nearshore 
 
1. Introduction 
There has been increased urgency in 
understanding shoreline processes on natural 
sandy beaches (herein referred to as ‘beaches’) 
globally. Inundation and erosion hazards are 
expected to increase in severity and frequency due 
to the effects of climate change and sea-level rise 
[22]. Continued long-term erosion as well as 
episodic erosion and inundation from storm events 
have been observed globally in coastal 
communities [11] and around Australia, for example 
at Stockton Beach and Wamberal Beach in New 
South Wales (NSW) [5,7]. There is, therefore, a 
need to gain a better understanding of nearshore 
processes to prepare coastal communities and 
managers for the hazards that storm events and 
wave action may present. 
 
Wright and Short [21] developed a system of beach 
classification which describes the morphodynamic 
and hydrodynamic variability on natural beaches. 
The classification incorporates variables such as 
dimensionless fall velocity (Ω), beach face slope 
(tan𝛽𝛽), and wave parameters. Reflective and 
dissipative beaches have distinctive beach face and 
wave parameters compared to intermediate 
beaches which exhibit high morphological and 
hydrodynamic variability and are partitioned into 
four subcategories (from high to low energy): 
longshore bar-trough (LBT), rhythmic bar and beach 
(RBB), transverse bar and beach (TBB), and low 

tide terrace (LTT). The research presented in this 
paper focuses on intermediate beaches. 
 
Wave runup is the vertical elevation of the 
shoreward limit of water relative to the still water 
level (SWL). Studies investigating runup on 
beaches have used Rmax to quantify runup which is 
the maximum runup extreme over a sampling period 
and is therefore a function of time. Alternatively, a 
time-independent measure of runup is R2% which is 
the vertical level that is exceeded by 2% of runup 
events and has been used in many studies 
measuring or predicting runup [2,6,19]. Atkinson et 
al. [2] compared many empirical runup models 
using data obtained from intermediate beaches and 
found that the best performing models were those 
that were based on field data and those that 
incorporated a parameter for wave setup. Setup is 
one of the two components of runup in addition to 
incident (periods of 1-30 seconds or 0.03 – 1 Hz) 
and infragravity (periods of 30 seconds – 5 minutes 
or 0.003 - 0.03 Hz) swash motions. Despite the 
decreased RMSE (root-mean-square error) for 
models that incorporate setup, even the best 
performing models still resulted in significant 
RMSEs of the order of 25% [2]. This suggests that 
additional work is required to fully understand how 
swash and setup vary in space and time on different 
beach types. Investigations into the effect of swash 
zone morphology on setup and subsequently on 
total runup is yet to be investigated.  
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The inter and intrabeach variability of morphological 
features [1,8] causes complexity when choosing 
which location to make observations on wave 
processes due to the variable influences of 
hydrodynamic processes. The further partitioning of 
nearshore regions according to flow kinematics 
enables observations to be made on how the 
nearshore, specifically the swash zone, varies 
according to where different physical hydrodynamic 
characteristics (e.g., flows and currents) occur. 
Hughes and Moseley [8] defined a method delineate 
two hydrokinematic regions within the swash zone 
according to swash characteristics and wave-swash 
interactions. As intermediate beaches exhibit 
significant variability in nearshore profiles and wave 
characteristics, so-to does variability in the location 
of nearshore kinematic regions. How the locations 
and size of these regions corresponds with runup, 
and setup statistics is yet to be investigated.  
 
This research uses field data from multiple 
intermediate beaches in NSW to identify how setup 
varies with respect to nearshore hydrokinematic 
regions and runup statistics. By providing insight 
into the nature of setup both within and among 
intermediate beaches, it is hoped that a more 
accurate empirical model may be developed to 
predict runup extremes on beaches globally.  
 
2. Study Sites 
Data were obtained from four microtidal, swell- 
dominated beaches on the NSW coast [14]. A 
summary of the offshore conditions, and 
classification parameters for each day of data 
collection is shown in Table 1. Beach slope (tan β) 
was taken as the average slope of the beach from 
the maximum runup to the inner surf zone, and the 
offshore conditions including Hsig and Tsig 
(interpolated from nearshore conditions using 
methods outlined in Section 3.1), and wind 
conditions (obtained from offshore buoy data) are 
means for the collection period outlined in the table. 
The locations where data were collected was the 
middle of Elizabeth Beach (Figure 1), the southern 
end of Caves Beach (Figure 2), the southern end of 
Catherine Hill Bay (Figure 3), and the middle of 
Frazer Beach (Figure 3). A comparison of the beach 
profiles for all beaches is shown in Figure 4 which is 
taken from the foredune to past the breakpoint.   

 
Figure 1 - Elizabeth Beach in the Pacific Palms region of 
NSW. Imagery source: Esri. 

 
Figure 2 - Caves Beach, south of the entrance to Lake 
Macquarie, NSW.  Imagery source: Esri

 

Table 1 - Summary of beach and offshore conditions where data were collected for Elizabeth Beach (EB), Caves Beach 
(CB), Catherine Hill Bay (CHB) and Frazer Beach (FB) including beach slope (tan β) offshore significant wave height (Hsig) 
and period (Tsig), wind speed (Ws) in km/h, wind direction (Wd), and wave direction (θ) in degrees.  

Beach Date Time tan β Hsig (m) Tsig (s) Ws  Wd θ Ω 
EB 5/11/2020 9:00am-10:30am 0.078 0.612 9.64 56 SW 97 1.22 
CB 18/5/2021 10:15am-11:45am 0.034 0.691 12.64 30 SSW 166 1.09 

CHB 21/5/2021 10:00am–2:00pm 0.111 0.449 10.99 50 SSE 171 0.82 
FB 17/5/2021 10:45am-12:00pm 0.037 0.785 9.70 46 WNW 183 1.87 
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Figure 3 - Catherine Hill Bay and Frazer Beach, NSW. 
Imagery source: Esri. 

 
Figure 4- Comparison of beach profiles for each day of 
data collection.  

 
3. Methods  
At each study site, mean water level (MWL) data 
were measured in-situ using a shore-normal array 
of stilling wells positioned 3-5 m apart (Figure 5). 
Running parallel to the stilling wells was an array of 
pressure transducers installed at fixed vertical 
elevations approximately at bed level. An offshore 
pressure transducer was positioned in the shoaling 
zone, seaward of the breakpoint. Stilling well 
measurements were taken every 15 minutes and 
comprehensive beach surveys were undertaken at 
regular intervals using a RTK GPS and a total 
station. At Elizabeth Beach, a DJI Mavic Pro UAV 
was used to capture footage of swash motions, 
whilst at Caves Beach, Catherine Hill Bay, and 
Frazer Beach, a fixed camera (Sony HDR-XR200) 
was used. Ground control points (GCPs) were 
positioned and surveyed for georectification. 
 

3.1 Data Processing 
Mean ambient atmospheric pressure was 
calculated from each pressure transducer record 
prior to deployment and removed from the data. 
Water depth was then calculated using:  

𝐷𝐷 =  𝑃𝑃
𝑔𝑔𝑔𝑔

    (1) 

Where P is measured pressure, g is acceleration 
due to gravity, and ρ is the density of seawater 
(1026kg/m3). The stilling wells had a frequency 
response of mean wave frequency for the data 
collection period (0.0931 Hz) (Table 1) of 0.013, 
calculated using the methodology used by Nielsen 
[12]. This means that the wells filtered out 98.7% of 
noise from incident waves and accurate 
observations on MWL could be made. Still water 
level (SWL) data were obtained from Manly 
Hydraulics Laboratory using nearby water level 
gauges that have minimal wave exposure. Well 
readings were reduced to AHD using the survey 
data and shoreline setup (�̅�𝜂) was calculated as the 
vertical elevation of the MWL relative to the SWL.  
 
The UAV and video footage were processed using 
the CIRN Quantitative Imaging Toolbox [4] to 
produce 15-minute timestacks. For most Catherine 
Hill Bay and Elizabeth Beach timestacks, a 
shoreline prediction model [16] was used to track 
swash excursions, whereas on Frazer Beach and 
Caves Beach this process was completed manually. 
From the timestacks and shoreline timeseries, 
runup maxima were calculated as the maximum 
vertical elevation of each swash event relative to 
SWL for each 15-minute interval to assume static 
tidal phase. Runup statistics were calculated (in the 
form of R2%) using cumulative density functions 
(CDF).  
 
The spatial limits of the hydrokinematic regions for 
each beach were identified manually. The inner surf 
– outer swash boundary was identified as the lowest 
run-down point for each timestack. The inner – outer 
swash boundary was identified by the most 
shoreward position where swash-wave interactions 
occurred, and the landward limit of the inner swash 
zone was defined by Rmax. Two measurements of 
the hydrokinematic regions (width in the cross-
shore direction, and vertical extent) were 
statistically examined to identify any possible 
correlations with swash statistics.  
 
Deep water wave statistics (Hsig and Tsig) were 
calculated using the pressure transducer data 
obtained from the shoaling zone. These data were 
corrected for pressure attenuation with depth and 
reverse shoaled to calculate deep water wave 
parameters.  
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Figure 5 – Two example images of the equipment setup 
at Catherine Hill Bay. Stilling wells are on the left and 
pressure transducers on the right. 

 
4. Results 
A total of 3, 6, 5, and 16 15-minute timestacks were 
collected at Elizabeth Beach (EB), Caves Beach 
(CB), Frazer Beach (FB), and Catherine Hill Bay 
(CHB) respectively. An example timestack from 
Catherine Hill Bay is shown in Figure 6 which also 
shows the results of the shoreline tracking model. 
An example runup exceedance curve from 
Catherine Hill Bay, generated from the timestack 
data is shown in Figure 7. Also shown on Figure 7 
are the vertical extents of both the inner and outer 
swash zones, SWL, R2%, and �̅�𝜂. Figure 8 is an 
example cross-shore transect taken from the same 
sample period as Figure 6 and Figure 7 displaying 
all swash statistics and boundaries in the cross-
shore direction.  
 
R2% and �̅�𝜂 were normalised by significant wave 
height (Hsig) and plotted against inner and outer 
swash zone widths and vertical extents that were 
also normalised by Hsig. A summary for both swash 
zone regions is shown in Table 2. Analogous 
results, using data normalised by Ω are shown in 
Table 3. The results show a statistically significant 
correlation between the width and vertical extent of 
both swash regions and both �̅�𝜂 and R2%. The results 
from Table 2 are shown in Figures 9 – 12. A 
summary of kinematic boundary widths and vertical 
extents are shown in Table 4.  
Table 2 - Linear regression statistics (p-value assuming 
0.05 α, r-squared and RMSE) for swash zone regions 
(width and vertical extent (VE)) relative to R2% and 
shoreline setup (�̅�𝜂) and normalised by Hsig. 

 Extent Variable P R2 RMSE 

In
ne

r Width 
R2% < 0.005 0.3516 0.895 
�̅�𝜂 < 0.005 0.5193 0.389 

VE  
R2% < 0.005 0.7387 0.569 
�̅�𝜂 < 0.005 0.7948 0.29 

O
ut

er
 Width R2% < 0.005 0.4604 0.658 

η < 0.005 0.5314 0.338 

VE R2% < 0.005 0.7849 0.505 
�̅�𝜂 < 0.005 0.6807 0.385 

 
Table 3 - Linear regression statistics (p-value assuming 
0.05 α, r-squared and RMSE) for swash zone regions 

(width and vertical extent (VE)) relative to R2% and 
shoreline setup (�̅�𝜂) and normalised by Ω. 

 Extent Variable p R2 RMSE 

In
ne

r Width 
R2% < 0.005 0.3510 0.517 
�̅�𝜂 < 0.005 0.5249 0.229 

VE 
R2% < 0.005 0.7432 0.305 
�̅�𝜂 < 0.005 0.8176 0.146 

O
ut

er
 Width R2% < 0.005 0.4791 0.382 

�̅�𝜂 < 0.005 0.5763 0.187 

VE R2% < 0.005 0.8036 0.267 
�̅�𝜂 < 0.005 0.7145 0.198 

 

 
Figure 6 - Example timestack taken from Catherine Hill 
Bay with the output from the shoreline tracking model. 

 

 
Figure 7 - EFC (black line), swash boundaries and swash 
statistics (𝜂𝜂� and R2%) relative to SWL for Catherine Hill 
Bay (10:30am). 

 

 
Figure 8 - Cross-shore profile of Catherine Hill Bay 
(10:30am) with locations of MWL showing wave setup, 
R2% and SWL relative to swash boundaries 

Stilling wells 

Pressure 
transducers 
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Figure 9 - Correlation between inner swash zone width 
(Wi) and 𝜂𝜂� (upper plot) and R2% (lower plot) with all 
variables normalised by Hsig. 

 
Figure 10 - Correlation between outer swash zone width 
(Wo) and 𝜂𝜂� (upper plot) and R2% (lower plot) with all 
variables normalised by Hsig. 

 
Figure 11 - Correlation between inner swash zone vertical 
extent (VEi) and 𝜂𝜂� (upper plot) and R2% (lower plot) with 
all variables normalised by Hsig. 

 
Figure 12 - Correlation between outer swash zone vertical 
extent (VEo) and 𝜂𝜂� (upper plot) and R2% (lower plot) with 
all variables normalised by Hsig. 

Table 4 - Mean kinematic boundary dimensions (m ± σ) 
for Elizabeth Beach (EB), Caves Beach (CB), Catherine 
Hill Bay (CHB) and Frazer Beach (FB). 

Site 
Inner Outer 

Width Depth Width Depth 

EB 7.2 ± 1.93 0.76 ± 0.28 9.23 ± 1.34 0.46 ± 0.07 

CB 9.53 ± 1.04 0.48 ± 0.06 13.39 ± 0.67 0.58 ± 0.01 

CHB 6.85 ± 1.6 0.79 ± 0.16 12.37 ± 2.11 1.04 ± 0.2 

FB 4.02 ± 1.37 0.21 ± 0.08 8.97 ± 0.33 0.4 ± 0.02 
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5. Discussion 
The dependency of wave height (and to some 
degree beach slope) on �̅�𝜂 has been well 
documented (e.g. [3,7,15]). However, this study 
compensated for this dependency and still identified 
a relationship between with the size (width and 
vertical extent) of both swash regions and �̅�𝜂 (Table 
2).  This does not answer what the key factor is to 
driving extreme water levels at the shoreline, 
however, it does assist in identifying beaches (or 
parts of beaches) susceptible to exhibit relatively 
higher water levels as a result of �̅�𝜂 according to 
swash zone morphology. Further research 
investigating if setup and runup scale better with 
Hsig2 or other derivatives of offshore conditions is 
recommended.  
 
Relatively greater distance for waves to travel 
shoreward would, by nature, result in higher runup 
values. Additionally, you would expect that swash 
zones with relatively deeper water columns would 
exhibit greater runup values.  The results of this 
study confirm this, and from the results, an 
inference can be made that beach morphology also 
largely determines the magnitude of runup 
extremes under uniform offshore wave heights. For 
example, Frazer Beach which has a relatively 
higher value of Ω (Table 1), produced smaller 
values of R2% for a given offshore wave height. This 
is potentially due to the greater energy dissipation 
through the surf zone therefore smaller runup from 
incident waves. These findings agree with most 
empirical models which integrate beach slope into 
runup predictions in that a lower beach gradient will 
result in relatively lower runup predictions under 
uniform offshore wave height (e.g., [7,15,19]). 
Ruggiero [18] integrated beach slope localised 
around the time-averaged shoreline (hence 
focusing on the swash zone slope and morphology) 
into runup predictions, which performed relatively 
well when compared with other runup models [2].  
However, it was developed based on observations 
made on dissipative beaches rather than 
intermediate. The findings from the research 
presented in this paper suggest an opportunity for 
observations to be made on how variations in swash 
zone morphology affect the accuracy of empirical 
runup models. From this, there is potential for a 
runup model to be developed that incorporates 
swash zone characteristics into runup predictions.  
 
The trend between normalised values of �̅�𝜂 and 
swash zone region size, in particular vertical extent 
(Figures 10 and 12), highlights the variable 
contribution of �̅�𝜂 according to beach morphology. 
Runup models that incorporate a fixed ratio of wave 
height to �̅�𝜂 (e.g. [6,10] therefore have the potential 
to over or underestimate the contribution of �̅�𝜂 to total 
runup. Whilst the results of this study concur with a 
scaled approach to incorporating �̅�𝜂 in runup 
predictions (i.e. [18]), further investigations into the 

relative contributions of setup on a large cohort of 
intermediate beaches is therefore recommended. 
 
A limitation of using UAV’s is the discontinuous 
footage due to battery changes. A permanent 
camera has this advantage over a UAV, however, 
the accuracy of swash statistics when using a fixed 
camera is determined by the vantage point and 
positioning of the camera. This is in addition to any 
other potential sources of error in the 
georectification process such as:  lens calibration 
process, accuracy of surveyed GCP’s, accuracy of 
pixel selection of both GCP’s and swash maximas. 
The swash maximas for Frazer Beach and some of 
Caves Beach and Catherine Hill Bay timestacks 
were manually identified due to either lower 
resolution of the timestacks or the inability of the 
shoreline prediction model to perform accurately. 
Subsequently, the data resulting from manual 
selection have potentially greater uncertainty of 
R2%. For future observations, study sites will be 
selected according to optimal vantage points for 
camera positioning. This includes south-facing 
vantage points where possible to avoid sunlight off 
the water. 
 
The identification of inner and outer swash zones 
was conducted manually from each timestack. The 
inner surf–outer swash boundary was identified by 
the lowest rundown point and therefore all regions 
shoreward being intermittently wet and dry. The 
outer–inner swash boundary was identified by the 
most shoreward point on each timestack where 
swash-wave interactions occur. Any swash motions 
shoreward of this boundary lacked any interaction 
with incoming waves. These boundaries were 
identified as per the qualitative classification 
provided by Hughes and Mosely [8]. However, in the 
research by Hughes and Mosely [8], the 
hydrokinematic boundaries were determined 
quantitatively by the intersection of uprush 
histogram with the exceedance frequency curve. 
Potential discrepancies may exist between the two 
methods of identifying the hydrokinematic 
boundaries.  
 
6. Conclusion 
To-date, no studies have investigated how 
nearshore swash statistics of natural beaches 
correlate with swash zone hydrokinematic regions. 
This research investigates how the width and 
vertical extent of both inner and outer swash zones 
of different beaches relates to runup statistics in the 
form of R2% and shoreline setup. 
 
A positive correlation was identified between the 
size (width and vertical extent) of both the inner and 
outer swash zones and runup and shoreline setup 
swash statistics. The use of offshore conditions in 
empirical runup models is fundamental in 
determining water level extremes on beaches. 
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However, the results of the study show that the 
morphology of the swash zone in particular, also 
influences normalised setup and runup on natural 
beaches. The trend of the relationship between 
normalised swash zone size and normalised 
shoreline setup suggests the contribution of 
shoreline setup is also largely influenced by beach 
morphology. This suggests that when estimating the 
contribution of shoreline setup to overall runup in 
empirical models, swash zone morphology be 
considered in order to produce more accurate runup 
predictions.  
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Abstract 
Tsunamis initiated by volcanoes have the ability to greatly expand the hazard footprint of an eruption far 
beyond the proximity of the eruption itself. Volcanogenic tsunamis are a lesser modelled hazard compared to 
their seismogenic relatives, and the understanding of wave-making potential from subaqueous explosive 
eruptions is poor due to practical limitations of volcanic observation. Prior studies utilised models of surface 
waves produced from analogous chemical and nuclear explosions. A non-hydrostatic, vertically-Lagrangian 
multilayer method for free-surface flows is compared against common numerical schemes used for tsunami 
modelling of this source. Firstly, validation is undertaken for modelling run-up of non-decaying bores, 
confirming suitability of the applied methods in propagating long waves and investigating run-up heights and 
intensity. On establishing the underlying models ’fitness, these are applied to simulate analogous hypothetical 
scenarios of explosive submarine eruptions at both coastal (Campi Flegrei caldera, Italy) and lacustrine 
locations (Lake Taupō, New Zealand). The multilayer method demonstrates superior resolution of the resulting 
highly dispersive wavefield compared with that of the shallow water equations. Such eruptions may pose 
multiple simultaneous hazards with minimal arrival times; therefore, the modelling of eruptive scenarios is a 
primary approach to inform local area hazard maps of submarine volcanism and raise preparedness for 
surrounding facilities and communities. 
 

Keywords: Wave modelling, numerical, tsunamis, volcanic hazard 
 

1. Introduction 
Waves are one of a large variety of  hazards which 
can arise from volcanic eruptions, for example 
events at Krakatau in 1883 [6], Ritter Island in 1888 
[4], Kick’em Jenny in 1939 and 1965 [15], Myojin-
Sho in 1952 [2] and Anak Krakatau in 2018 [19].  
Generation mechanisms for these waves can 
include explosions, flank failure, caldera collapse 
and pyroclastic density current submergence [7,8]. 
Similarly to ash-related hazards, waves produced 
by eruptions can expand the impacted area beyond 
the immediate proximity of a volcano, provided a 
location within or near a body of water. However, 
the extent and significance of this mode compared 
to other often simultaneous hazards is poorly 
understood and not well constrained. 
 
Numerical modelling has offered insights into wave 
generation from submarine eruptions and 
explosions, illustrated in Fig. 1, usually involving 
solutions produced by codes solving the non-linear 
shallow water equations (NSWEs). The 1996 
eruption in Karmskoye Lake, Russia, introduced the 
first opportunity to gather field data and evidence of 
significant wave production from such an event, 
including run-up heights around the foreshore, 
which were tested and modelled using COULWAVE 
[16] and COMCOT [17] to ascertain the magnitude 
and likely development of the eruptive sequence 
comprised of shoaling episodes. The same authors 
later completed a similar investigation with the same 
models for fictitious eruptions at Kolumbo volcano 
in the Aegean Sea [18]. Dispersivity is, however, a 

significant factor when considering the wavefield 
produced in these scenarios. Another package, 
FUNWAVE-TVD, has recently been used to model 
similar sources at the Camp Flegrei caldera, Italy 
[9], and at Taal Caldera, Phillippines [10]. This 
package incorporates Boussinesq-type equations 
which enables greater accuracy when describing 
the behaviour of dispersive shoaling water waves. 
These models, all based on the NSWEs, are utilised 
in these scenarios without validation against the 
empirically derived explosive physical relations 
underpinning the source mechanism and, as a 

Figure 1   Illustrations of the submarine explosion 
problem. (a) An explosion of yield E at depth z in water 
of depth h. (b) Schematic of a volcanic scenario where 
such an explosion would occur at maximum depth, and 
crater diameter CD. (c) Schematic initial displacement 
conditions for modelling waves generated from 
explosion. [3] 
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result, lack consideration of the dispersivity of the 
generated waves. 
 
This study first presents a comparison of numerical 
schemes when describing non-decaying bores of 
varying duration and strength and their run-up on 
different gradient slopes and validates against 
previous experimental work. The schemes used 
span the width of commonly used approaches from 
NSWEs, through Boussinesq-type additions, to a 
non-hydrostatic multilayer (NHM) formulation. This 
validation exercise is complementary to a prior 
study demonstrating the suitability of the NHM 
method for describing motion across wide wave 
regimes. Secondly, a comparison using said 
schemes is made for a hypothetical explosive 
eruption in both coastal (Campi Flegrei, Italy) and 
lacustrine (Lake Taupō, New Zealand) areas to 
demonstrate the relative hazard potential in either 
geographical setting and importance of using a 
suitable modelling approach. 
 
 
2. Numerical Schemes 
The open-source computational fluid dynamics  
(CFD) software Basilisk [11] was employed to 
undertake all modelling in this work, including all 
numerical schemes. Using the same underlying 
framework has the benefit of eliminating any 
potential low-level differences behind computing the 
numerical solution across each scheme. Further 
benefits of this software include customisable 
adaptive grid refinement in the form of tree-based 
grids and OpenMP or MPI parallelism capability, 
increasing speed and efficiency to allow resolution 
across a range of spatial scales. The package 
includes a wide range of well validated solvers for 
many CFD applications including many designed for 
the solution of free-surface disturbances and 
waves. 
 
2.1. Free-surface Solvers 
The first solver is for the solution of NSWEs, also 
known as the hydrostatic Saint Venant (SV) 
equations, and is a scheme of the same basis as 
those mentioned in Section 1. Being derived via 
depth-integration of the Navier-Stokes equations, it 
is valid at length scales where the horizontal is 
much larger than the vertical, and is very commonly 
used in many fluid and flood related analyses, 
especially tsunamis, due to their low computational 
demand. 
 
An extension to the SV scheme is available in the 
form of fully non-linear Boussinesq-type equations, 
implemented in this software in the form of the 
Serre-Green-Naghdi (SGN) equations [12]. 
Modelling efforts involving these typically fall in the 
region of wave transformation, and can be extended 
in validity towards the surf zone and beyond 
breaking to run-up by ‘switching off’ the dispersive 
parameter once a phase encounters a specified 

breaking parameter, leaving the breaking wave or 
shock to be resolved by the remaining NSWEs. 
 
Recent developments have led to significant 
improvements in the field of non-hydrostatic (NH) 
wave-flow modelling. Such models carry the 
promise of improved physical clarity and 
computational economy by incorporating vertical 
acceleration into NSWE. Such a scheme, described 
in [13], would thus be able to capture variable wave 
properties at a wide range of scales while 
numerically robust and capable of being extended 
further with multilayer capabilities enabling density 
variations and buoyancy driven flow, turbulent 
transport of heat or contaminants, to including 
Coriolis acceleration. 
 

 
3. Bore Run-up Validation  
The physical experiment designed and undertaken 
by Barranco et al. [1] on investigating non-decaying 
bore characteristics on run-up is replicated 
numerically to test the schemes described in 
Section 2. As illustrated in Fig. 2, the domain 
consists of a gate at the origin, ahead of which is 
water of depth h0 and a slope (or beach) of 
steepness s at a distance LB from the gate and of 
horizontal length LS. Behind the gate is a reservoir 
of water initially at rest of depth h1 and extent LR. 
 
The investigated parameter space is set as in [1] for 
investigating the influence of bore length and 
strength on the resulting swash flow characteristics    
maximum inundation (intensity) at the still-water 
shoreline I, maximum run-up height R, and flooding 
duration Tf. To generate bores of the required size 
(Fin and Lbore), LR and h1 are calculated accordingly 
as described in [1], as is the output processing 
methodology. h0 is set constant at 0.1 m and LB at 
10 m. The process of setting up this domain in each 
of the tested schemes is virtually identical due to 
their shared underlying framework, with exception 
of the specification of the number of layers used in 
the NH multilayer scheme and a breaking 
parameter which is set at 0.1 from previous 
validation efforts. In total 184 combinations of Fin , 
Lbore and s were simulated across the different 
schemes. 

Figure 2   Schematic diagram of an example dam-break 
run-up domain used in Section 3, from [1], where h0 and 
h1 are water depths after and before the gate (origin) 
respectively, LR the reservoir length and LB the length 
from the gate to the slope (beach) toe. 
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3.1. Results  
Direct comparisons of the three key output 
parameters between the various numerical 
schemes are displayed in Figure 3. It is clear that 
the SV and NH, both single and multilayer, perform 
consistently across flood duration, intensity at 
shoreline and run-up height across varying bore 
strength and duration. They confirm the findings in 
[1] of flooding duration decreasing with bore 
strength and linearly increasing with bore length 
after a certain minimum value, and that larger bore 
strengths result in greater incident intensity and run-
up heights. Longer bores also produce larger 
intensity at the shoreline up to a maximum value, 
while remaining independent of run-up heights. Also 
note the differing values of minimum length in 3b) 
and maximum length in 3e) for the same bore 
strength, showing that the maximum intensity must 
be reached before enabling any flooding stage. 
 
For the SGN (Boussinesq-type) scheme, while 
duration and intensity were returned as expected, 
the run-up height output (Fig 3.h-j) is significantly 
higher than previously reported for higher bore 
lengths. Acknowledging that the methods behind 
outputting data was identical across the schemes, 

additional effort was made to confirm the higher run-
up values. 
Figure 4 shows the relationship between the 
theoretical input bore strength and what was output 
at the toe of the slope. For non-decaying bores, 
these should correlate closely as they do for the SV 
and NH schemes, especially the multilayer which 

Figure 3      Panel of results for comparison of numerical schemes in bore propagation and run-up. (a-c) Flooding 
duration; (d-f) intensity or maximum inundation at still-water shoreline; (g-i) maximum run-up height. Plotted against: 
(a,d,g) bore strength at slope toe; (b,e,h) bore length; (c,f,i) slope. 

Figure 4   Fin, as used to calculate inputs h1 and LR, 
against Ftoe as estimated at the foot of the slope toe for 
the different numerical schemes. The grey dashed line 
indicates theoretical performance. 

a) b) c) 

e) f) 

h) i) 

d) 

g) 

a) b) c) 

d) e) f) 

g) h) i) 

541



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Submarine explosive volcanism - numerical modelling of tsunami propagation and run-up 
Hayward M.W., Whittaker C.N., Lane E.M., Power W. 
 

has the lowest error. It would be expected that 
variance occurs across this parameter due to the 
limiting-case situation that a dam-break presents 
the numerical scheme with at the beginning of the 
simulation. The superior accuracy of the multilayer 
solution here corroborates similar prior 
experimentation [3]. However, the SGN scheme 
exhibits the largest variation, resulting in 
significantly larger bore strengths at the slope toe 
than expected after Fin=1.3. This may represent a 
somewhat unsurprising use-case limitation of this 
scheme in terms of the bore generation mechanism, 
and may also explain some, but not all, of the higher 
run-up values obtained in Fig 3g-i). These may be 
symptomatic of a flaw in the scheme around dry-wet 
treatment, as opposed to issues with the breaking 
transition - the latter is unlikely as there is no similar 
large discrepancy with the intensity at the slope toe. 
 
 
4. Tsunamis from Volcanic Explosion  
Underwater eruptions are complex events involving 
addition of pressurised magma and volatiles and 
involve numerous high energy interactions with 
water. Any resultant wave generation is dependent 
on representative characteristics such as eruption 
depth, energy, duration and vent geometry, which 
requires simplifications to model effectively. The 
conventional strategy is to consider the eruption a 
point-source explosion and apply empirical 
relationships derived from military experiments of 
explosive test series to impose initial conditions of 
the free-surface. 
 
4.1. Initialised Model  
The following relationships are described in depth in 
[5]. As illustrated in Figure 1, for an explosion of 
yield E in Joules, water depth h, burst depth z and 
bed characteristic Cb, there exist functions ηC and 

RC describing the maximum depth and radius 
respectively of a parabolic cavity (Fig 1c) deforming 
the initial water surface η0 : 
 

𝜂𝜂0(𝑟𝑟) = {  𝜂𝜂𝐶𝐶 �2 �
𝑟𝑟
𝑅𝑅𝐶𝐶
�
2
− 1� , 𝑟𝑟 ≤ 𝑅𝑅𝐶𝐶

0, 𝑟𝑟 > 𝑅𝑅𝐶𝐶
       (1) 

 
where, given a shallow depth classification relative 
to yield: 

𝜂𝜂𝐶𝐶 = 𝑎𝑎𝐸𝐸
6

25                             (2) 
 

𝑅𝑅𝐶𝐶 = 0.03608𝐸𝐸
1
4                        (3) 

 
and constant a varies with a ratio of charge depth to 
yield. For all present investigations, it can be shown 
that a shallow classification fits the volcanic 
situation and that a = 0.02913. See [5,9,17] for 
further detail. Note that, for the volcanic case, the 
depth of the explosion can be assumed to be at the 
bed or vent location, such that z=h. As this physical 
model is derived using inverse methods, its validity 
does not extend to very near or within the radius of 
the initially deformed surface but rather at distance 
outside of this area. An estimate of explosive yield 
for a given eruption can be calculated using ejecta 
volume V as in [9,10,14]: 

 
𝐸𝐸 = 4.055 × 106𝑉𝑉1.1.                  (4) 

 
Table 1 contains location information and model 
parameters for each location, Lake Taupō and the 
Gulf of Naples, and Figure 5 displays the 
geographical setting and bathymetry of the two 
locales. Locations were selected to be within 
regions of previous activity and to be similar depths 
and proximity to the shore for both cases. 

Figure 5   Settings of volcanic explosion simulations, including terrain and bathymetry, where orange star indicates 
eruption centre and red circle marks example numerical gauge location (for Fig. 8). (Left) Lake Taupō; (Right) Gulf of 
Naples. 
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 Table 1   Model parameters and location information 

Location Taupō Naples 
Type Lake Coastal 

Location (lat/lon) -38.801º 
175.994º 

40.740º 
14.100º 

Ejecta Volume V 0.4 km3 0.4 km3 
Explosion Energy E  1.47 x 1016 J 1.47 x 1016 J 
Water depth h 128 m 124 m 
ηC 221 m 221 m 
RC 397 m 397 m 

 

 
4.2. Results 
Both the single-layer NH and SV scheme maximum 
wave crest height fields are shown in Figure 6 for 
both locales. The general patterns of maximum 
crest heights are distributed very similarly in both 
examples, due to this being a product of the source 
location and bathymetry, neither of which vary 
between simulations. Notably, maximum heights at 
areas experiencing wave shoaling are significantly 
higher in the NH solution, as most clearly seen at 
the shores nearest the Taupō source and to its 
direct north and west, as well as the heights 
reached at Pozzuoli Bay and Sorrento Peninsula 
around the Gulf of Naples. 
 

Figure 6   Fields of maximum crest heights for Lake Taupō, NH scheme (a), SV scheme (b) and Gulf of Naples, NH 
scheme (c) and SV scheme (d). Heights are in meters. 

a) b) 

c) d) 
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A further feature visible are ‘ripples’ throughout the 
NH solution which is evidence of a longer wave train 
and thus dispersion rather than shallow waves as 
prescribed in the SV scheme. This is more clearly 
shown in Figure 7, a snapshot of the wave heights 
for both schemes at Taupo, where, for SV, a single 
waveform is propagated out from the source and 
interacts with the bathymetry and shore, where 
instead the NH scheme is able to resolve the 
dispersivity of the generated wavefield and, for this 
source, results in a highly oscillatory wave train. The 
example numerical gauge time series for Taupō 
(Fig. 8b) shows this well with the SV solution 
describing a single steep bore incident at the shore, 
while the NH model produces a result which is more 
consistent with experimental data (e.g. [5]). 
 
4.3. Discussion  
As would be expected, the NH scheme performs 
well in describing the wavefield evolution of a highly 
dispersive generation source in comparison with a 
purely NSWEs solver. Notably, where the depth is 
sufficiently shallow, the NH scheme handles the 
transition well as suggested in the Gulf of Naples 
numerical gauge location (Fig. 8a). Considering the 
issues raised with the SGN scheme in Section 3, a 
single (or potentially multi-) layer NH model should 
be preferred when modelling dispersive sources or 
any such situation requiring suitable treatment of a 
wide wave regime range. 
 
Comparisons can be made of the relative hazard 
posed by this type of source at coastal compared to 
lacustrine areas. While, near source, it is possible 
that large amplitude - albeit short length - waves can 
reach near shores, the size of these decrease 
rapidly, even within local distances, likely due to the 
radial nature of this source. Unlike directional 
sources such as slides entering water or 
earthquakes which can displace whole columns of 
large area, explosive volcanic sources are modelled 
here as equivalent to punching a hole through the 

surface, or analogised in [5] as “throwing a pebble 
into a pond”, and resulting in highly dispersive 
waves that radially propagate. The case considered 
here is suggested to be towards optimal where the 
generated cavity is large enough to expose the bed 
- from this point, larger yields are even less efficient 
at displacing the surrounding water. With this in 
mind, and noting that other accompanying volcanic 
hazards such as ash and pyroclastic density 
currents are not considered here, lakes potentially 
experience higher impact of these waves than 
coastal areas due to their contained geometry; in all 
directions there is (usually) an exposed shore, 
unlike at coasts where some, if not most, of the 
energy goes towards waves that are harmlessly 
transmitted out towards deeper ocean. 
 
Only a brief attempt is made here in exploring the 
potential hazard range of underwater volcanic 
explosions and significant distinctions between 
such an event occurring in the coastal or a 
lacustrine environment. Future studies should aim 
to complete a more robust hazard assessment 
incorporating as wide a parameter space as 
possible in a case to explore the wave making 

Figure 7   Simulation snapshots of the Lake Taupō showing wave heights at t = 8 minutes. (a) NH scheme; (b) SV 
scheme. 

Figure 8   Numerical gauge time series, truncated 
towards first arrival. Blue is SV; orange is NH. (a) Gulf 
of Naples; (b) Lake Taupō. Locations shown in Fig. 5. 

a) b) 

a) 

b) 
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potential. This then can inform a further undertaking 
to investigate at what - if any - magnitude eruption 
do any generated waves pose a threat. When 
undertaking such studies, it is strongly suggested to 
use a NH numerical scheme as demonstrated here 
to be able to accurately capture the wave dynamics 
generated. 
 
5. Summary  
Different numerical schemes commonly used in 
tsunami research are compared in the area of non-
decaying bores and waves generated by explosions 
in volcanic settings at the Gulf of Naples and Lake 
Taupō. 
 
The NH multilayer performs similarly or better than 
NSWEs when modelling propagation of varying 
length and strength bores and run up on a slope. 
The Boussinesq-type scheme returned significant 
run-up overestimation. On modelling waves 
generated by submarine volcanic explosions in 
lakes and at the coast, the NH scheme is proficient 
at resolving the dispersive nature of the source 
mechanism and illustrates the main differences of 
this source in comparison with other tsunami 
generation processes. Future numerical 
investigation of explosively generated waves should 
utilise free-surface flow schemes with non-
hydrostatic terms to fully capture these important 
characteristics. 
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Abstract 
Port sustainability is a challenging subject to address. Port authorities worldwide are striving to find ways of 
operating and managing sustainably in terms of economic, social and environmental factors. With a desire to 
encourage more research on port sustainability in economic performance terms, this paper discusses a 
predictive asset lifecycle approach for evaluating, comparing, and improving port infrastructure sustainability. 
 
The key outcome of this research is to establish initial evaluation criteria for port economic sustainability that 
have been tested using real-world sample data as a proof of concept. The key performance indicator is derived 
from the risk, condition and cost-benefit rating of each predicted investment strategy for port capital works over 
a given lifecycle. These investment strategies will allow asset custodians to understand the year-on-year 
condition and associated risk of the assets, as well as the cost-benefit ratio of each budget strategy. This will 
facilitate informed investment decisions by port infrastructure managers that consider and analyse economic 
sustainability.  
 
The method is developed based on an adaptive heuristic genetic search algorithm of the degradation profile 
of port infrastructure components using a Gaussian-based degradation strategy. The model predicts the port's 
infrastructure condition and provides options for the capital works investment forecast for the given period (e.g. 
whole of asset lifecycle) based on the indicative available budget. The model also provides the optimised 
budget forecast to achieve or maintain a level of service while maximising benefit and minimising risk. In order 
to demonstrate the proposed approach, a commercially available predictive modelling tool is used to analyse 
and model data from the Port of Hobart, one of the key ports in Tasmania, managed by TasPorts. 
 
While further study is required to fine-tune and benchmark the evaluation criteria and set realistic targets 
towards economically sustainable port infrastructure, this paper establishes an initial baseline for that further 
research using a lifecycle approach. 
 
Keywords: port sustainability, lifecycle analysis, predictive modelling, strategic asset management, risk 
management. 

 

1. Introduction 
The concept of port sustainability includes three key 
aspects: 
 

(a) an economic viewpoint, such as return on 
investment, port utilisation efficiency, and 
the provision of infrastructure and 
technology for port authorities to maximise 
their performance; 

(b) a social viewpoint, such as direct and 
indirect contributions to employment in port 
firms and activities and developments 
connected to the port industry; and 

(c) an environmental viewpoint, such as 
pollution, dredging operations and disposal, 
land use and climate resilience [1], [2]. 

 
While the primary goal of port sustainability is to 
reduce port operating costs and enhance the port's 
environmental and social performance, additional 

aspects such as institutional and organisational 
management [3] support the entire port operation. 
Figure 1 shows the three overlapping aspects of 
port sustainability. 

 

Figure 1 Three key aspects of port sustainability adopted 
from [1] 
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The impacts of climate change and consequently 
the risk of accelerated port asset deterioration have 
created growing concerns in recent decades. Such 
impacts reduce the predictability of future 
infrastructure needs and increase the vulnerability 
of the port assets. With increasing global attention 
to maritime environmental and social issues [4], 
ports are facing greater pressure to comply with 
regulations and requirements to operate sustainably 
[2], [5], [6]. Besides, fast-growing innovative 
technologies transform the way infrastructure is 
designed, constructed, and financed. The new 
technology and demographic demand may make 
certain types of infrastructure obsolete. Port 
authorities need to undertake costly investment to 
comply with these sustainability requirements and 
to replace worn-out and obsolete assets. 
 
Considering that port infrastructure development 
requires a high level of financial investment, port 
operators is to optimise their investment and 
maximise their profit by investing in the sustainable 
infrastructure and new technologies [8]. Ports 
authorities who demonstrate more sustainable 
operations are more likely to attract funding support 
from government, community, and private investors 
[7]. 
 
In order to manage port sustainability, authorities 
need to develop measurable sustainability 
indicators. In recent years, a wide range of 
initiatives have been developed worldwide to define 
port sustainability indicators for each of the 
sustainability aspect [9] [10] [1] [11]. Water, air, 
noise, and soil pollution are dominant indicators of 
environmental sustainability. Health and safety, job 
generation and social image are key port social 
sustainability indicators. Port operation efficiency, 
port construction, port operation costs/revenue and 
cost efficiency are major port economic indicators. 
While some assessment tools and scoreboards are 
developed to benchmark some of the sustainability 
indicators, most of the available indicators are 
developed based on the environmental measures 
[9] [10]. To our knowledge, there is no accepted 
standard KPI (key performance indicator) or 
measure in port infrastructure sustainability, which 
links the impact of the financial investment to 
infrastructure sustainability management [1]. 
 
The key focus of this study is on infrastructure 
sustainability in terms of economic performance 
measures. This paper provides a predictive asset 
lifecycle approach for evaluating, comparing, and 
improving port infrastructure sustainability. 
 
2. Definitions 
Sustainable Infrastructure: In brief, this refers to 
infrastructure that is 'green', 'smart' and 'efficient'. 

More broadly, it encompasses infrastructure that is 
designed, constructed, operated, and 
decommissioned to optimise environmental, social 
and economic outcomes over the entire lifecycle of 
the infrastructure [9] [3]. It can also refer to existing 
infrastructure retrofitted, rehabilitated, redesigned, 
and reused [8]. 
 
Economic Sustainability: Maximising the financial 
performance resulting from implementing 
sustainable development initiatives and minimising 
risk without adversely affecting social and 
environmental development [12]. On the other 
hand, an economically sustainable infrastructure 
generates a positive net economic return over the 
asset lifecycle or, at minimum, maintains the 
infrastructure financial capital over a long time. 
 
Infrastructure Risk: The risk due to the failure of 
the functionality of the infrastructure. The ranking of 
the infrastructure risk is estimated by the impact that 
the specific failure may have on the operation of the 
business, including the financial impact as a result 
of the service disruption. 
 
Infrastructure Risks must be evenly distributed to 
the entire asset portfolio while they can be 
controlled, or their impact can be absorbed over the 
life of the assets. 
 
Asset Sustainability Index (ASI): The ratio of the 
amount of available funding considered for 
servicing, renewing, and upgrading the asset 
divided by the amount of funding needed to 
adequately sustain assets at a targeted condition or 
level of service over a long period [13]. In other 
words, assets with a lower forecasted backlog are 
considered to be more sustainable. 
 
3. Case Study  
The case study selected for this research is Port of 
Hobart, located in Tasmania and managed by 
TasPorts. The port was initially constructed in 1951 
and, throughout the years, has been expanded to 
include 11 wharves, docks, piers, and a low-landing 
point. 
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Figure 2 Aerial view of Port of Hobart (image obtained 
from Google Earth) 

4. Scope 
The scope of this paper corresponds to the lifecycle 
analysis of the Port of Hobart. Port infrastructure 
components incorporated in this study included 
piles, beams, decks, deck soffits, fenders, and 
bollards. The data used for the analysis in this paper 
is an extracted sample of data from the entire port. 
Figure 3 shows a typical wharf configuration utilised 
at the Port of Hobart. 

Figure 3 Typical cross-section of wharf and its key 
components (obtained from TasPorts) 

The key focus of this paper is to measure the 
economic or financial sustainability of port 
infrastructure using the asset sustainability index. 
 
While the economic sustainability measure has 
indirect impacts on environmental and social 
sustainability, this paper will not assess those 
sustainability indicators of the port infrastructure. 
 
5. Methodology 
This section discusses a methodology that uses a 
comprehensive lifecycle cost analysis and ‘What-if?’ 
scenarios to help decision-makers assess 
infrastructure sustainability, considering risk. 
 
The method was developed based on an industry 
modelling tool that uses a Genetic Algorithm (GA) 
as the backbone of its optimization engine. GA is 
used to optimise the selection of capital treatments 
on an asset. GA is one of the artificial intelligence 
algorithms in the computer science field and is a 
heuristic search approach that mimics the process 
of natural selection. This technique is designed to 
solve a complex problem (“selecting optimal 
treatment”) quickly by finding an approximate 
solution that is close to the exact solution. The 

 
1 In the case study provided in this paper, the port 
asset condition was assessed using WSCAM 

model consumes multiple sets of input data, 
including the port asset condition1, a combination of 
infrastructure renewal, and upgrade expenditure 
(CAPEX), together with maintenance, operational, 
user and environmental expenses (OPEX) required 
for managing the asset over its lifecycle. The model 
predicts the port's infrastructure condition and 
provides options for the capital works investment 
forecast for a given period (e.g., whole of asset 
lifecycle) based on the indicative available budget 
and expenditures. 
 
Infrastructure risks are mostly overlooked in 
conventional lifecycle analysis. In order to 
incorporate infrastructure risks, the first step is to 
conduct a risk assessment to identify and rank the 
possible risks and assign a Consequence of Failure 
(CoF) value versus Likelihood of Failure (LoF). 
Table 1 shows examples of infrastructure risks that 
were identified as potential risks. 
Table 1 Example risk identification and rating 

Risk Name LoF CoF Score 

Wharf surface or 
decking 
drainage failure 

Almost 
Certain 

Severe 
(<$10M) 

Extreme 

Bollard failure Almost 
Certain 

Moderate 
(<$1M) 

High 

Fender failure Almost 
Certain 

Moderate 
(<$1M) 

Moderate 

 
Asset importance, wharf utilisation (revenue), 
location and significance are key drivers 
determining CoF and risk ranking (e.g., revenue 
score = no. of vessel calls/ revenue). For instance, 
failure of a pile component in a high utilisation or 
large wharf causes a significantly greater financial 
impact than a failure of a fender asset in a low 
utilisation or small harbour. 
 
Figure 4 and Figure 5 shows the typical risk rating 
used to model the port infrastructure. 

 
Figure 4 Risk assessment matrix 

(Wharf Structures Condition Assessment Manual) 
ranking and methodology. 
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Figure 5 Risk rating values 

The model interprets the costs of risks of 
infrastructure failure in the form of a benefit variation 
percentage. By setting the benefit variation, the 
model will choose and prioritise the assets and 
appropriate treatments with higher Consequences 
of Failure (CoF). This is particularly useful when port 
management operates under a constrained budget 
and yet tries to deliver optimum asset performance. 
 
In order to understand the cost-benefit trade-offs of 
different budget strategies and to be able to 
prioritise infrastructure works based on their 
sustainable lifecycle, we simulated and analysed 
various funding scenarios, including: 
• Level of Service (LoS) driven strategy with risk 

mitigation: The model provides an optimised 
budget forecast to achieve or maintain a level of 
service while maximising benefit and minimising 
risk; 

• LoS driven strategy without risk mitigation: The 
model provides an optimised budget forecast to 
achieve or maintain a level of service; 

• Constrained budget strategy with risk 
mitigation; 

• Constrained budget strategy without risk 
mitigation; and 

• No budget and unconstrained budget scenarios 
for control and comparison. 

 
Then, for each of the above funding strategies, the 
asset sustainability index (ASI) is calculated over 
the given lifecycle period (20 years in this case 
study) using the following formula: 
 

 
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑁𝑁𝑁𝑁𝑁𝑁 𝑆𝑆𝑁𝑁𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆 𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁

𝑅𝑅𝑁𝑁𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑁𝑁𝑑𝑑 𝐵𝐵𝑅𝑅𝑑𝑑𝑆𝑆𝑁𝑁𝑁𝑁 𝑁𝑁𝐶𝐶 𝑀𝑀𝑆𝑆𝑅𝑅𝑀𝑀𝑁𝑁𝑆𝑆𝑅𝑅𝑀𝑀 𝐿𝐿𝐶𝐶𝑆𝑆
 (1) 

 
Where "Net Strategy Cost" is equal to "total 
treatment cost" plus "maintenance cost" plus 
"change in backlog"; and "Required Budget to 
Maintain LoS" is equivalent to "renewal treatment 
cost" plus "maintenance cost". 
 
Suppose the net cost of managing port assets is 
equal to or more than the proposed budget (ASI 
>=1). In that case, the strategy is financially 
sustainable, whereas ASI< 1 indicates the strategy 
is not as economically sustainable. In other words, 
the smaller the value of ASI, the less sustainable is 

the budget strategy. Let’s consider that the required 
cost of the maintenance and renewal of the port 
assets to bring / retain their average condition equal 
or better than 3 (out of 7) over 10 years is $25M. 
With a limited allocated budget of $10M for the 
maintenance and renewal of the assets over 10 
years and resulting change in backlog by $3M 
(increasing backlog), ASI is 0.52. In comparison, if 
the allocated budget for managing the assets 
increased to $20M, the backlog will decrease by 
$2M, calculated in year 10 and as such, the ASI is 
0.72. The former budget strategy is more 
sustainable compared to the first one with a limited 
budget. 
 
In order to demonstrate the proposed approach 
presented in this article, a commercially available 
predictive modelling tool was used to analyse and 
model the sample case study data. 
 
6. Outcome 
Figure 6 shows a year-on-year risk comparison for 
high and extreme risk events across five funding 
strategies. The line graph represents the value of 
assets in high and extreme risk over the term for 
each funding strategy, and the histogram shows the 
year-by-year investment of each of the strategies. 
 
Figure 7 illustrates the year-on-year net strategy 
cost comparison across seven funding strategies 
followed by a threshold backlog comparison shown 
in Figure 8. 
 
Table 2 summarises the funding strategy 
comparison by various financial and non-financial 
parameters, including net strategy value and 
funding allocation for each strategy. It also includes 
the overall condition of the port assets in the current 
year compared to the predicted state at the end of 
the modelling period (20 y); and the calculated asset 
sustainability index for each funding scenario. 

 

Risk Rating Min Max

1 Low Risk 1 4

2 Moderate Risk 5 10

3 High Risk 11 19

4 Extreme Risk 20 25
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Figure 6 Year-on-year risk comparison of asset value and treatment costs for assets in high or extreme risk 

 

 
Figure 7 Year-on-year annual net strategy cost comparison by simulation  

 

  
Figure 8 Year-on-year comparison of threshold backlog by funding strategy 
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Table 2 Funding strategy comparison (using representative data rather than the actual source) 

Strategy Net Strategy 
Cost 

Total Funding 
Allocation 
Over 20Y 

Workbank 
Backlog Value 

(Y20) 

% Assets in 
High + 

Extreme Risk 
(Y20) 

Condition 
Index 
(Y1) 

Condition 
Index 
(Y20) 

ASI 
(Y20) 

 
Limited Budget No Risk 
Mitigation $15,209,055 $15,050,964 $7,832,359 30.16% 

2.87 

3.35 0.54  

Limited Budget Risk 
Mitigation $15,783,490 $15,169,005 $8,288,752 9.39% 3.47 0.56  

LoS Driven Strategy No 
Risk Mitigation $16,157,415 $21,867,042 $1,964,640 17.83% 3.07 0.58  

LoS Driven Strategy Risk 
Mitigation $17,372,801 $21,974,683 $3,072,385 4.32% 3.18 0.62  

Unconstrained Budget $24,779,454 $32,445,002 $8,720 2.08% 2.98 0.89  

 

7. Discussion 
Comparison of the budget strategies presented in 
Table 2 shows: 
 
• Unconstrained and optimised or LoS-driven 

budget strategies for managing port assets 
have a higher sustainability ratio than the limited 
budget strategy, indicating a sustainable asset 
renewal approach. 

• Strategies that incorporated risk mitigation in 
their budget have a lower percentage of assets 
in high or extreme risk at the end of the analysis 
period. 

• For the case study presented in this paper, the 
higher range of asset sustainability index is 0.89 
based on the unconstrained budget strategy 
analysis. The lower range is always 0, where no 
budget is spent. 

 
The method and parameters presented in this paper 
help decision-makers, government and investors to 
to compare options by considering all quantified 
variables to make informed and optimised decisions 
about their capital expenditure. By using the 
described ASI method, decision-makers can 
evaluate how financially sustainable a port authority 
is. 
 
Furthermore, to utilise and employ this KPI, Port 
authorities need to possess data regarding 
condition, risk, and accurate replacement costs to 
configure the predictive models, which will then 
provide optimised future capital investment decision 
making options. These options allow a holistic 
evaluation of risks that contribute to fulfilling national 
development priorities, reducing climate change 

 
2 UN Sustainable Development Goals 9 & 11 are the most 
relevant sustainability goals to this article. 

impact, addressing its effects, and achieving the UN 
Sustainable Development Goals [14]2. 
 
8. Future Directions 
Ports are an essential part of global distribution 
systems. Key requirements for commercial ports 
are accessibility and economic viability. The 
challenges are accommodating very large ships and 
the competition from new and modernised ports in 
smart cities.  
 
In addition, in recent years, ports are under 
increasing pressure from owners, investors and 
operators to become more environmentally and 
socially integrated and friendly. Ports face 
environmental issues such as pollution from ships, 
transport traffic for the movement of goods, raw 
materials, and port construction waste. 
Simultaneously, port operators and their related 
businesses need to remain viable, competitive, and 
profitable.  
 
Undertaking lifecycle analysis of port infrastructure 
allows ports to respond to such economic 
challenges by making informed decisions about 
infrastructure investment and ensuring their 
competitiveness in a resource-constrained world 
while fostering innovation and reducing 
environmental impacts. Unfortunately, research on 
the economic performance in ports is limited, 
although there are a few practical examples within 
Australian ports. This paper has built on port 
lifecycle literature to present a case study 
demonstrating how the lifecycle approach can help 
secure a sustainable future for one of the Australian 
commercial ports. 
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Emerging technology and innovation play a key role 
in supporting more rapid decision-making around 
sustainable infrastructure. For example, the Internet 
of things (IoT), drones and artificial intelligence (AI) 
are transforming infrastructure condition 
measurement to deliver more accurate, reliable and 
comparative values. Sophisticated lifecycle models 
consume this condition data obtained from 
intelligent measuring tools to predict the investment 
required to achieve a certain level of service (asset 
performance) within a defined annual budget over 
the whole life of the assets (economic performance) 
while minimising risk. 
 
However, there are challenges in this field, including 
achieving consistency among the ports in how 
economic sustainability is measured. In addition, 
more case studies are required to set a 
benchmarking platform to be able to evaluate 
economic sustainability performance in Australia 
and worldwide. 
 
In addition, further research is required to set KPIs 
that incentivise improvements in port management 
practice and encourage self-examination in order to 
reprioritise activities considering sustainability. 
Also, additional study is required to fine-tune and 
benchmark the evaluation criteria for financial 
performance and set realistic targets towards 
economically sustainable port infrastructure. 
 
The authors hope that setting a consistent 
economic performance measure will lead to a step-
change in government policy and infrastructure 
investment decisions so that infrastructure 
sustainability and climate resilience becomes an 
automatic and critical investment consideration for 
all infrastructure sectors, including port corporates. 
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Abstract 
 
Effective management of maritime activities, environmental monitoring, and search and rescue operations 
requires high spatial and temporal resolution ocean current data that are often unavailable. In Australia’s 
remote north west, where complex ocean current systems, offshore industry, and the World Heritage Ningaloo 
Reef co-exist, there has been a long-standing need for such observations. Australia’s Integrated Marine 
Observing System (IMOS) Ocean Radar Facility uses high frequency (HF) radars to provide continuous 
mapping of sea-surface ocean currents around Australia that is freely available to the public. In early 2021, 
through a collaboration with industry, IMOS successfully completed installation of a HF Radar system (HFR) 
along the western side of the North West Cape in the Ningaloo region of Western Australia. This paper 
describes the Ningaloo HFR, including design, installation challenges, and preliminary data. The WERA HF 
Radar system transmits a low-power radio wave signal out to sea from two autonomous shore stations, 90 km 
apart along the Ningaloo Peninsula, with linear arrays of antennae and an electronics enclosure powered by 
solar and communication through satellite and 3G data networks. Current speed and direction are calculated 
on a 7.5 km grid at hourly intervals. The data will be used to improve understanding of coastal and boundary 
currents, improve validation of numerical circulation models, and to better understand and manage the risks 
of hydrocarbon development. 
 
Keywords: HF Radar, surface currents, IMOS, Ningaloo 
 
1. Introduction 
Knowledge of the speed, direction, and spatial 
variability of ocean currents is essential for effective 
offshore operations (e.g. ship loading), coastal and 
marine management (disaster response planning 
and mitigation), fisheries management (larval 
dispersal), and search and rescue (SAR) 
operations.  
 
However, a majority of available observations are 
from point sources including moored ADCP current 
meters, or are broad scale and lack temporal and 
spatial resolution such as those derived from 
satellites. 
 
This challenge is particularly relevant to regions 
where offshore industry including oil and gas 
extraction coexists with fragile marine ecosystems, 
such as occurs around the Ningaloo World Heritage 
site at the North West Cape of Australia.  Here, the 
continental shelf is the narrowest of the entire 
continent, bringing hydrocarbon deposits along the 
shelf slope near the coast and the longest 
continuous fringing coral reef in Australia— the 
Ningaloo Reef. This is also a region of merging and 
genesis of ocean currents, transitional tidal regime, 
strong winds, intermittent upwelling, coastal trapped 
waves and tropical cyclone activity [6, 11, 12, 16, 
17]. 
 

At present, a lack of sustained, long term 
observation programs in the area limits 
understanding of the complex physical processes. 
Point-source observations have been collected by 
industry to be used for operational purposes, and 
moorings have been maintained near the coast, but 
much of the understanding of the dynamics of the 
area has come from satellite (sea surface 
temperature) and numerical models [18]. 
 
Shore-based high-frequency radar (HFR) systems 
operating at frequencies of 3-30 MHz are capable of 
measuring near-surface ocean currents in near real 
time over hundreds of square kilometres. Over the 
past decades these systems have been deployed 
globally with broad applications wherever high 
spatial and temporal resolution measurements are 
beneficial [10]. 
 
HFR rely on the backscattering of transmitted high–
frequency radio waves from a moving sea surface 
and the theory of wave-wave interaction (Bragg 
scattering). First order Bragg scattering is due to 
surface gravity waves of half the wavelength of the  
transmitted HF wavelength traveling toward or away 
from the HFR site. The Doppler shift of the received 
signal consists of surface wave movement and the 
underlying currents. By calculating the theoretical 
phase shift of the signal due to surface waves, the 
velocity of the current toward/away from the HFR 
can be determined. By using two stations separated  
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along the coast, simple trigonometry can be used to 
determine the true direction and velocity of the 
currents over a grid region. The frequency of the 
transmitted signal determines the range offshore 
(~km to 200+ km) and spatial resolution (hundreds 
of metres to several kilometres). The temporal 
resolution of the data vary, but are often averaged 
to give hourly maps of currents that are transmitted 
in real time to server computers and are accessible 
on the internet [8, 10]. 
 
In Australia, the Integrated Marine Observing 
System (IMOS), a national collaborative research 
infrastructure is tasked with collection and 
dissemination of ocean data available to industry 
and public free of cost. The IMOS Ocean Radar 
Facility, based at the University of Western 
Australia, has deployed and managed HFR systems 
around the coastline of Australia since 2010. IMOS 
presently operates systems at: Coffs Harbour 
(COF) and Newcastle (NEWC), New South Wales; 
at the mouth of Spencer Gulf, South Australia 
(SAG);  Rottnest shelf region, Western Australia 
(ROT); mid-west ‘coral’ coast at Dongara, WA 
(CORL); and the newest system that has recently 
begun collecting data in the Ningaloo region 
offshore of the North West Cape, Western Australia 
(NWA).  
 
This paper describes the new system at Ningaloo in 
north west Australia (NWA) which began collecting 
data in early 2021. The remaining sections 
summarise the motivation, design and installation 
challenges, and preliminary data, including tropical 
cyclone Seroja (April 2021) surface current 
observations.  
 
 
2. Study region 
 
The study region is located offshore of the North 
West Cape, Western Australia (21.5oS, 113.5 oE) 
[Fig. 1]. The North West Cape, although remote and 
with low population, is an important hub for tourism, 
defence infrastructure, and offshore hydrocarbon 
development. Ningaloo retains strong indigenous 
cultural heritage significance, with numerous 
sensitive sites. 
 
Warm tropical waters support one of the largest 
fringing coral reefs in the world—the Ningaloo Reef.  
The region, at the northern edge of the subtropical 
high pressure belt, receives occasional rainfall from 
winter cold fronts from the south and tropical 
systems including intense tropical cyclones which 
can occur from November to April each year. 
Consistent southerly winds blow during summer 
with strong sea breezes (8-15 m s-1). Winds are 
more variable and weaker during winter.  
 
 

 
Varying surface (wind) wave conditions influence 
the effectiveness of HFR to measure surface 
currents. HFR works because transmitted radio 
waves reflect off ocean wind waves with a sharp 
peak in reflected energy for  wavelengths that are 
one-half of the wavelength of the transmitting 
frequency and travelling toward/away from the 
signal source, known as ‘Bragg scattering’. For 
commonly used frequencies this means the HFR is 
sensitive to wind waves with wavelengths between 
6-30 m; or periods between 1.5 - 5 seconds. When 
more wind wave  energy is present at the specific  
frequency, data quality and offshore range of the 
HFR system is maximised. For the 5.26 MHz 
frequency of the NWA system this corresponds to 
wind waves with periods of ~5 seconds. Thus, the 
wave climate is an important factor for the HFR. 
Surface waves caused by local winds and distant 
swells from the Southern Ocean are received year-
round from the southwest. An exception is during 
the passage of tropical cyclones that can generate 
extreme wave conditions during the summer from 
the opposite direction [5].  
 
Tidal conditions are at a transition between smaller, 
diurnal tides to the south along the west coast, and 
dramatically increasing semi-diurnal tides toward 
the east on the North West Shelf. The result at 
Ningaloo is a mixed semi-diurnal tide with a range 
of ~2m [14]. 
 

 
Figure 1. Location map showing locations of HFR shore 
stations at Point Billie (PTB) and Jurabi Turtle Centre 
(JTC), approximate HFR vector current (speed,direction) 
coverage area (dashed oval), ocean currents 
(solid/dashed lines for persistent/intermittent currents), 
and common location of oceanic eddies. 
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The Ningaloo region lies at the confluence of ocean 
currents including the South Indian Counter 
Current, the Indonesian Throughflow, and the 
Holloway Current [16] [Fig. 1]. This is the 
headwaters of the Leeuwin Current (LC) – the  
 
longest eastern boundary current in the world that 
transports warm low-salinity water along the shelf  
edge and is detectable 5500km away in Tasmania 
[4, 16]. The LC is an important driver of fisheries 
variability (rock lobsters, prawns, scallops) [1] and 
allows tropical species to be found much further 
south compared to other west coasts globally.  
 
The LC is a downwelling current forced by an 
alongshore pressure gradient causing poleward 
flow against prevailing southerly winds with 
seasonally varying intensity: strongest in winter and 
weakest in summer. During periods of strong 
southerly winds, currents on the shelf reverse to 
flow northward (Ningaloo Current) with intermittent 
upwelling events [9, 12, 17]. Frequent alongshore 
current reversals occurring at 1-2 week periods 
have been documented, however the persistence 
and spatial variability of the alongshore flow is still 
uncertain [9]. The interactions between currents 
causes numerous eddies to form offshore, and the 
lack of high-resolution spatial observations, has 
hindered understanding and predictability of current 
dynamics. 
 
Ocean temperatures range from 20-30 oC, with 
intermittent upwelling providing  a cooling 
mechanism when southerly winds blow. Marine 
heat waves manifest along this coast as a 
southward advection of warm water, commonly 
during La Niña, and positive heat flux anomalies 
associated with weak  winds [7]. These conditions 
have  negatively impacted marine life and 
commercial fisheries along the west coast [15]. . 
HFR has the potential to provide monitoring or 
predictive capabilities for these events. 
 
 
3. High-frequency Radar (HFR) system at 

Ningaloo- NWA 
 
3.1 Overview of HFR system 
 
The Ningaloo HF radar is a Wellen Radar (WERA) 
phased-array HFR system manufactured by Helzel 
MessTechnik (Germany) [8]. This system was 
previously deployed (2007-2017) at the Capricorn 
Bunker Group (CBG) along the Great Barrier Reef, 
and was refurbished  by the manufacturer in 2020 
before deployment in Ningaloo.  
 
The WERA system at (NWA/ North West Australia) 
consists of two autonomous (off-grid) shore stations 
(nodes) 90 km apart, and ~70m from the high tide 
line: Jurabi Turtle Centre (JTC) (114.1oE, 21.8oS),  

 
and Point Billie (PTB) ( 113.7oE, 22.5oS) near the 
north and south limits of the Ningaloo peninsula 
[Fig.1].  Tropical cyclone rated enclosures were 
constructed to house the electronics. At JTC  the 
enclosure  was constructed in-situ as an expansion 
of an existing parks and wildlife (DBCA) concrete 
block shed  with solar panels installed on the roof 
and adjacent aluminium frames [Fig. 2]; At PTB an 
insulated and air- conditioned 20 ft sea container 
was fabricated in Perth and transported to site. The 
container was attached to pre-cast concrete 
footings and a steel A-frame roof constructed over 
top.  Both sites have  6.24 kW solar power system 
with 16x 400 Watt solar panels and Tesla Powerwall 
lithium batteries capable of providing off-grid power 
at both sites with approximately 2 days of storage. 
At PTB data transfer and communications utilise 
Skymuster NBN satellite and JTC communicates 
through the 3G cellular network. 
 
Cables protected in PVC conduits connect the 
electronics enclosure to a linear (shore parallel) 
array of 12 evenly spaced receiver (Rx) antennae  
280 m long [ Fig. 2], and a rectangular 4-element 
transmit array  in-line and 250m beyond the end of 
the Rx [Fig. 3]. 
 
Both systems operate at 5.262 MHz with 19.9 kHz 
bandwidth, 1024-point  t and 0.26 s sweep rate, and 
an integration time of 5 min. Data are collected for 
each site in alternate mode with short 5 min 
acquisition cycles to avoid mutual interference 
creating radial (toward/away) current maps every 10 
minutes which are uploaded to a central server and 
on to the Australian Ocean Data Network (AODN) 
portal after conversion to netCDF format with quality 
control flags.  Every hour, radial maps from the two 
stations are averaged and converted to vector 
current maps with hourly speed and direction over 
the regular 7.5 km Cartesian grid. Coverage can 
extend up to 200 km out to sea when an agitated 
sea state co-occurs with atmospheric condtions that 
allow transmission of radios signals far over the 
horizon [Fig. 6].  
 
3.2 Design challenges 
 
Numerous challenges were encountered over all 
stages of the design and installation of the new 
Ningaloo HFR.  
 
Transmitting radio frequency signals in a suitable 
HFR frequency requires Australian 
Communications and Media Authority (ACMA) 
approval, which, in an already crowded airspace is 
a difficult proposition, further complicated by the fact 
that there is significant Australian Defense force 
activity in the region.   The frequency at which HFR 
operates is a critical determining factor for range, 
resolution, data quality, and specific sea-state. 
Fortunately, after extensive discussions between 
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agencies  IMOS/UWA were granted a licence to 
operate at the 5.262 MHz frequency, which is the 
same as the HFR system in operation in NSW. 
 
The allocated frequency dictated that the shore 
stations needed to be separated by approximately 
100 km along coastlines facing toward the same 
patch of ocean—approximately northwest and west 
in this case. This was complicated by the fact that 
the entire coastline is remote, difficult to access and 
located within national park, and within a World 
Heritage site with extensive indigenous cultural 
heritage sites throughout. 
 
Through the involvement and support of the 
Traditional Owners and numerous government 
agencies Point Billie (PTB) and Jurabi (JTC) were 
found to be the only sites which satisfied all criteria  
and minimised impact, although at both sites 
cultural heritage surveys still had to be completed. 
Finally, all permissions and licenses were obtained. 
  
The design had to be modified several times to fit 
within the budget while still satisfying the technical  
constraints, including the ability to withstand a 
tropical cyclone. 
 
Successful construction at PTB—more than 160 km  
away from the nearest regional town centre, with 
>60km rough corrugated dirt roads— was only 
made possible through the knowledge and 
dedication of local building and transport 
contractors  who camped out for 2-3 weeks in the 
sand while completing the work. An example of the 
challenges included a semi-truck and trailer having 
to fix 3 flat tyres on a single trip from Exmouth (160 
km in 9 hours) in order to deliver concrete footings. 
 
After construction was completed, IMOS Ocean 
Radar personnel made several trips to each site to 
set up the electronics, install the antennae, lay more 
than 13 km of cables and conduits, and undertake 
extensive testing and tuning of the system.  
 
 
 

 
Figure 2. Receive antennae array at Point Billie with 
shipping container and roof in background housing 
WERA electronics. View toward east. 

 
Figure 3. Transmit antennae array at Point Billie looking 
north. 

 
Figure 4. Jurabi (JTC) electronics shed and solar panel 
array with Valmingh Head lighthouse in the background. 

 
3.3 Data description 
 
The primary product of the IMOS HFR network is 
ocean current maps with data freely available 
through IMOS and the Australian Ocean Data 
Network (AODN) (https://portal.aodn.org.au). Here 
data can be aggregated into combined netcdf files 
or the thredds server can be used to access 
individual files using a web browser or other 
software such as MATLAB or Python 
(http://thredds.aodn.org.au/thredds/catalog/IMOS/
ACORN/catalog.html).  
 
A number of Quality Control (QC) procedures  have 
been implemented operationally on both near real-
time (NRT) and delayed-mode (DM) products. QC 
tests are applied at different processing levels 
including Doppler spectra, radial velocity maps, 
surface current vectors. QC measures follow 
standards described in [13] and the procedures are 
described in detail in [2, 3] 
(http://dx.doi.org/10.26198/5c89b59a931cb). The 
Ningaloo HFR hourly vector data are stored on 
AODN under the id NWA (North west Australia), 
with radial velocity files at 10-minute resolution for 
Point Billie (PTB) and Jurabi (JTC) with names [eg. 
Fig.  5]. 
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The orientation of the coastline at the possible two 
sites meant that the vector coverage area was 
centred to the north and west of the NW Cape where 
offshore infrastructure is located [Fig. 1]. Radial 
data cover that area as well as offshore the southern 
part of the Ningaloo Reef . Although vector currents 
are desirable, radial currents are useful to monitor 
alongshelf currents which align with radials at this 
site. The vector coverage will assist in monitoring 
currents around offshore installations and will lead 
to better understanding of  the dynamic confluence 
of the different current systems converging in the 
area. 
 
4. Results — Preliminary data 
4.1 Oceanographic features detected 
 
Preliminary results, collected during testing phase in 
summer and autumn 2021 showed high quality data 
under favourable conditions with combined vector 
current coverage up to 150 km offshore from the 
NW Cape [Fig. 6]. During periods of strong 
southerly winds, the Ningaloo current could be 
identified on the inshore portion of the coverage 
area (not shown), with southward and variable flow 
predominating across the coverage area when 
winds relaxed.   Complex and variable flow fields 
were present much of the time, with well-defined 
eddies visible in some cases. The clockwise eddy 
on 23 March 2021 [Fig. 6]  was an example of an  
 

 
 
eddy that  was poorly represented  in satellite 
altimetry geostrophic flow fields due to its relatively 
small size, but with clear structure in the HFR 
current field. This is a promising result with potential 
to aid offshore operations, as such eddies can 
induce strong currents that are hard to monitor and 
predict. 
 
 
 

 
Figure 6. Daily average vector current velocity computed 
by combining  radial velocities from PTB and JTC, 
showing  a clockwise eddy  in the coverage field. 

Figure 5. Radial velocity snapshot for 25 March 2021. Velocities do not show true direction, but rather velocity 
toward/away from PTB site. Equivalent radial maps from JTC are combined to form vector current maps in overlapping 
areas after geometric constraints are applied. 
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4.2 Tropical Cyclone Seroja 
 
Shortly after both PTB and JTC became operational 
in late March 2021 and the first complete vector 
maps were available, Tropical Cyclone Seroja  
passed to the west of the NW Cape as a category 2 
system before devastating the coastal town of 
Kalbarri several hundred kilometres south.  
Fortunately for the NWA Radar, the storm steered 
far enough offshore and did not damage the newly 
completed system. Several days of good current 
data were collected around 9 April 2021, 
documenting the effects of TC Seroja on the 
regional circulation which was excited compared to 
previous observations with maximum velocities 
below 0.5 m s-1 [Fig.7]. On 4 April surface flows 
were moderate toward the southwest with stronger 
currents on the shelf. On 9 and 10 April 
southwestward flow velocities increased 
dramatically (>.7 m s-1) as Seroja passed. Velocities 
were highest on the shelf but extended to almost 
100 km offshore [Fig 7]. By the following week, 
surface currents (and winds) were mostly weak and 
variable in direction, with some stronger currents 
directed to the northwest. These were possibly 
associated with the development of south easterly 
winds as a new synoptic high pressure system 
moved in. 
 
 
 

 
5. Summary 
 
In Australia’s remote north west, complex ocean 
current systems, offshore industry, and the World 
Heritage Ningaloo Reef co-exist, however there has 
long been a shortage of high spatial and temporal 
resolution ocean observations to help manage the 
resources. Australia’s Integrated Marine Observing 
System (IMOS) Ocean Radar Facility uses high 
frequency (HF) radars to provide continuous 
mapping of sea-surface ocean currents around 
Australia that is freely available to the public. In early 
2021, through a collaboration with industry, IMOS 
successfully completed installation of a HF Radar 
system (HFR) along the western side of the North 
West Cape in the Ningaloo region of Western 
Australia. This paper has described the Ningaloo 
HFR, including design, installation, and preliminary 
data documenting the significant challenges 
overcome to establish this remote ocean monitoring 
station. First observations are of high quality and 
illustrate the potential of the new HFR to 
significantly enhance understanding of this complex 
region of converging ocean currents. It is expected 
that the new system will help monitor and predict 
Leeuwin Current variability and will help protect the 
World Heritage area as well as assist offshore 
operations.  

Figure 7. Daily average surface current vector velocity maps collected by the Ningaloo (NWA) HFR during the 
passing of tropical cyclone Seroja between 4-18 April 2021.On 4 April velocities  were moderate (<0.5 m s-1); On 
09 April Seroja was located directly offshore with speeds near 1 m s-1; currents remained strong on the 10 April 
flowing toward the south west; decreasing intensity thereafter  and were weak and variable by 18 April 2021. 
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Abstract 
 
WSP and KPMG recently developed a digital tool and prospectus for a broad range of hydrogen production 
and export sites across South Australia for the Government of South Australia. Production sites considered 
green hydrogen (produced from renewable energy) and blue hydrogen (produced from natural gas), and the 
export products tested were liquid hydrogen (LH2), ammonia (NH3), and Liquid Organic Hydrogen Carriers 
(LOHCs). Production locations were geographically diverse, suiting either greenfield port development or 
expansion in existing ports. 
 
An option selection process based on PIANC Report No. 185 [9] was used. A shipping assessment was 
completed to determine performance requirements and spatial needs for each export terminal. The different 
export products resulted in varied infrastructure requirements, with LOHC requiring the most berth and storage 
infrastructure and NH3 the least. 
 
Comparative capital costs were heavily influenced by the available water depth and distance from shore. 
Comparative operating costs were influenced by exposure, remoteness, and availability of tug services. 
 
The study found that port construction costs were a relatively minor component of the hydrogen supply chain 
with the export terminal typically making up less than 7% of the free on-board cost of hydrogen for a medium 
or large-scale development.  
 
Challenges remain in identifying sites where pilot projects or small-scale developments can be initiated without 
prohibitive start-up costs, with existing ports likely to require the lowest initial costs but having comparatively 
low cost-effective production capacity due to the costs of transport and transmission.  
 
Keywords: hydrogen export, site selection. 
 
1. Introduction 
Hydrogen is currently used in a range of 
applications including mining, steelmaking, and 
chemical industries. It is used as a feedstock in the 
production of ammonia, a commonly used fertiliser. 
Hydrogen also has the potential to be a 
transformative fuel as the global energy market 
transitions from fossil fuels to renewable resources.  
 
1.1 Hydrogen uses and production 
Emissions from domestic and industrial natural 
consumption can be reduced by blending hydrogen 
into the existing distribution network. It can power 
vehicles by using a fuel cell to produce electricity. In 
the form of ammonia, it can be used in an internal 
combustion engine. It can be stored in large 
volumes for extended periods or produced in small 
volumes near to the point of use. 
 
Although hydrogen is abundant, it is scarcely found 
in pure form. Hydrogen can be produced from water 
by electrolysis, or from natural gas by steam-
methane reformation (SMR). When renewable 
energy is used to power the electrolysis process the 
hydrogen product is known as ‘green’ hydrogen, 
and when carbon dioxide by-product of SMR is 
captured and stored the hydrogen product is known 

as ‘blue’ hydrogen. Other processes exist but are 
not considered in this paper. 
 
Producing green or blue hydrogen requires 
available reserves of renewable energy or natural 
gas. Densely populated regions may not be able to 
cost-effectively develop the scale of renewable 
energy generation required to support their levels of 
consumption, and natural gas reserves are not 
evenly distributed worldwide, therefore it is 
expected that a hydrogen trade will need to develop 
between production and consumption centres. 
 
1.2 Hydrogen export prospectus  
The Government of South Australia recently 
developed a Hydrogen Export Prospectus and 
Modelling Tool to examine the opportunities for 
developing a hydrogen trade from the state’s 
abundant renewable energy resources and natural 
gas reserves. The core export market was seen as 
being in Asia (Figure 1), though Europe was also 
noted as being a significant opportunity. Together 
these regions are expected to generate 
approximately 70% of global demand for hydrogen 
by 2040 [4]. To reach Asian and European markets 
hydrogen products would need to be transported by 
ship. 
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Figure 1  Hydrogen export markets in Asia [4] 

Alongside the prospectus a modelling tool was 
created to allow prospective developers to combine 
a range of variables to understand the effect on the 
unit cost of the hydrogen produced. 
 
WSP worked with KPMG to develop the prospectus 
and modelling tool. As a part of the study WSP went 
through a structured process to identify, 
characterise, screen, and assess potential 
hydrogen export terminal locations. This paper 
outlines the process that was followed.  
 
2. PIANC WG 185 
PIANC Report No. 185 [9] was used to guide the 
site selection process. The five steps of 
masterplanning (Figure 2), prior to implementation, 
were followed. 
 

 
Figure 2  Five steps of masterplanning [9] 

3. Identifying the needs and vision 
The first step of site selection, this stage is where 
the principles of the development are set. For this 
study, the principles were comparatively simple, 
appropriate to the preliminary nature of the study. 

3.1 Environment and sustainability 
Initial environmental impact limitations and 
sustainability objectives were set for the study. The 
principles of not developing any option with an 
unacceptable environmental impact, and viewing 
the most sustainable options favourably, were 
captured in the site selection process. These criteria 
are not the focus of this paper. 
 
3.2 Hydrogen shipping products 
Hydrogen has the lowest density of any element 
which is a challenge when it comes to 
transportation. It can be densified by being chilled 
and condensed into liquid hydrogen (LH2), though 
this is an energy intensive process. In the form of 
ammonia (NH3) it has a higher density of hydrogen 
per cubic metre, but conversion is also energy 
intensive. Liquid organic hydrogen carriers (LOHCs) 
offer a low conversion cost by saturating a ‘carrier’ 
product with hydrogen and then removing the 
hydrogen it at its destination, though require the 
unsaturated product to be return shipped. 
 
As there is not currently a single preferred solution 
for the hydrogen trade LH2, NH3 and LOHC 
shipping solutions were considered in the study. 
Methylcyclohexane was adopted as the base case 
LOHC. Another option is compressed hydrogen 
(CH2), however it was not considered in this study.  
 
3.3 Scale 
As the hydrogen trade is not yet established at a 
large scale a range of production scenarios were 
tested and potential options for staging the export 
terminal development were considered.  
 
3.4 Transmission and production resources 
To limit the cost of transporting hydrogen or 
transmitting electricity over long distances it is 
favourable to site the export terminal close to 
hydrogen production resources. Some resources 
are remote and require new port developments, 
while some resources are nearby to existing ports; 
each of these scenarios was tested.  
 
4. Performance and functional requirements 
Berth performance requirements were defined 
through a shipping study, which assessed three 
hydrogen products (LH2, NH3 and LOHC) against 
four throughput scenarios.  
 
The steps followed in the shipping assessment are: 
• State of industry 
• Vessel characteristics 
• Shipping assessment 
 
The state of industry review identified the potential 
vessel characteristics that could cater to the 
hydrogen products and throughput scenarios.  
 

1
• Identifying the needs and vision

2
• Setting performance and functional 
requirements

3
• Outlining the spatial needs

4
• Identifying and characterising sites

5
• Screening and evaluation
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Vessel characteristics were identified for two sizes 
of vessel which would be suited to lower volume 
(short-medium term) or higher volume (medium-
long term) scenarios. Different loading rates were 
assumed for the smaller and larger scale vessels. 
 
The shipping assessment calculated the required 
number of berths for each vessel and throughput 
scenario, accounting for seasonal peak production 
rates. Storage requirements were estimated based 
on vessel size, peak production, and a buffer period 
to account for delays in the shipping schedule. 
 
4.1 State of industry 
The state of industry review found that: 
• LH2 is proposed to be shipped as part of a pilot 

project between the Port of Hastings (Victoria) 
and Kobe (Japan), involving the world’s first 
LH2 vessel with a capacity of 1,250m3 [1]. 

• NH3 is commonly transported and stored in 
large volumes worldwide, primarily for use as a 
fertiliser, with approximately 15.9 million tonnes 
shipped in 2014 [3]. 

• Some LOHCs are commonly exported in 
relatively small volumes (compared with 
ammonia) and are considered as an attractive 
hydrogen storage option due to their ease of 
integration into existing infrastructure [7]. 
LOHCs have also been exported in ISO liquids 
containers in a pilot study [6]. 

 
4.2 Vessel characteristics 
Vessel classes and capacity ranges adopted for 
each hydrogen product were based on: 
• LH2 being shipped in vessels similar to liquefied 

natural gas (LNG) carriers, but with a lower 
draught due to the lower relative density of LH2. 
Small-scale LNG carriers are typically in the 
range of 10,000m3 to 30,000m3 capacity so 
20,000m3 was adopted for the lower capacity 
scenario. Kawasaki Heavy Industries has long 
term aspirations to develop an LH2 carrier with 
a capacity up to 160,000m3 [5], which was 
adopted as the higher capacity scenario.  

• NH3 being shipped in a refrigerated state in 
vessels classed as liquefied petroleum gas 
(LPG) carriers. LPG carrier capacities are 
distributed up to 20,000m3 and grouped around 
80,000m3 [2], which were adopted as the lower 
and higher capacity scenarios respectively. 

• LOHCs being shipped using conventional 
tankers as they are stable at ambient 
temperature and pressure. Bulk liquid carriers 
cover a broad range up to approximately 
180,000DWT, with Very Large Crude Carriers 
(VLCCs) around the 300,000DWT capacity. As 
there is a broad range of capacities there is a 
greater degree of flexibility. 24,000m3 and 
120,000m3 capacities were adopted to maintain 
some consistency with LH2 and NH3 carrier 
overall dimensions. 

4.3 Shipping assessment  
4.3.1 Input parameters 
The input parameters in Table 1 were adopted.  
Table 1  Shipping assessment parameters 

Parameter Value 
Peak production 140% (renewable resource 

seasonal variation) 
Nominal net 
loading rates 

Small vessel: 2,000 m3/hour 
Large vessel: 8,000  m3/hour 

Berth occupancy Single berth: 43% 
Two berths: 65% 

Nominal downtime 10% 
Hydrogen carrying 
capacity 

LH2: 71 kg of hydrogen per 
cubic metre (kgH2/m3) 

NH3: 129 kgH2/m3 
LOHC: 56 kgH2/m3  

Buffer storage 5 days of peak production 
Short-medium 
term production 
scenarios 

60,000 tonnes per annum of 
hydrogen (tpaH2) 
180,000 tpaH2 

Medium-long term 
production 
scenarios 

600,000 tpaH2 
2,000,000 tpaH2 

Short-medium 
term vessel 
capacities 

LH2: 20,000 m3 
NH3: 20,000 m3 
LOHC: 24,000 m3 

Medium-long term 
vessel capacities 

LH2: 160,000 m3 
NH3: 80,000 m3 
LOHC: 120,000 m3 

 
The infrastructure required is sensitive to these 
parameters. It may not be economical to produce 
hydrogen products at a rate matching the seasonal 
variation in renewable energy resources as this will 
result in low utilisation of production plant in off-peak 
periods. The overall impact of the parameters and 
approach to peaking needs to be considered in 
context of the whole production process. 
 
4.3.2 Calculation 
The peak throughput was calculated for each 
product and hydrogen production volume based on 
the product’s hydrogen carrying capacity. 
Throughput was doubled for LOHC as the returning 
unsaturated product must also be offloaded. 
 

𝐶𝐶 = 𝐻𝐻𝑃𝑃 × 𝑝𝑝𝑓𝑓 / 𝐻𝐻𝐶𝐶   (1) 
Where: 

C = required throughput (m3 / year)  
HP = Hydrogen production (tonnes / year)  
pf = Seasonal peak production factor  
HC = Hydrogen carrier capacity (tonnes / m3)  

 
The berth productivity was then calculated for each 
vessel size, based on the approach outlined in [8]. 
 

𝐶𝐶𝑏𝑏 = 𝑃𝑃 × 𝑁𝑁 × 𝑛𝑛ℎ𝑦𝑦 × 𝑚𝑚𝑏𝑏  (2) 
Where: 

Cb = productivity per berth (m3 / year)  
P × N = Net loading rate (m3 / hour)  
Nhy = Operational time (hours / year)  
Mb = berth occupancy factor  
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From the results of Equations 1 and 2 the number 
of berths required was calculated for each 
throughput scenario. 
 

𝑛𝑛 = 𝐶𝐶 / 𝐶𝐶𝑏𝑏  (3) 
Where: 

n = number of berths  
C = required throughput (m3 / year)  
Cb = productivity per berth (m3 / year)  

 
From the results of Equations 1, 2 and 3 the number 
of berths and vessel capacity were determined for 
each production scenario. It was assumed that a 
terminal would begin with a single small vessel 
berth, upgrade this to a large vessel berth, then add 
a second large vessel berth as required. 
 
Storage requirements were calculated for the buffer 
storage requirement and size of vessels. Storage 
requirements were doubled for LOHC as the 
returning unsaturated product must also be stored.  
 

𝑉𝑉𝑠𝑠 = 𝐶𝐶 × 𝑝𝑝𝑓𝑓 × 𝑆𝑆𝑏𝑏 + 𝑉𝑉𝑣𝑣 × 𝑛𝑛  (4) 
Where: 

Vs = Volume of storage (m3)  
C = required throughput (m3 / day)  
pf = Seasonal peak production factor  
Sb = Storage buffer (days)  
Vv = Volume of vessel (m3)  
n = number of berths  

 
4.3.3 Results 
Berth requirements for each production scenario 
and product are summarised in Table 2. Storage 
requirements for each production scenario and 
product are summarised in Table 3. 
Table 2  Berth requirements for each scenario 

Hydrogen 
production 
(tpaH2) 

Berth requirements 
for each shipped product 

LH2 NH3 LOHC 

60,000 
1x Small 

berth 
1x Small 

berth 
1x Small 

berth 

180,000 
1x Small 

berth 
1x Small 

berth 
1x Small 

berth 

600,000 
1x Large 

berth 
1x Small 

berth 
2x Large 

berth 

2,000,000 
2x Large 

berth 
1x Large 

berth 
>2x Large 

berth 

Table 3  Storage requirements for each scenario 

Hydrogen 
production 
(tpaH2) 

Storage requirements 
for each shipped product (m3) 
LH2 NH3 LOHC 

60,000 40,000 30,000 90,000 
180,000 70,000 50,000 175,000 
600,000 325,000 110,000 935,000 

2,000,000 865,000 380,000 >1.89M 
 
4.3.4 Shipping assessment conclusions 
While the shipping assessment uses a number of 
assumptions it allows comparison of the impact of 
shipped product type on an export terminal.  

Key conclusions are summarised below and in 
Table 4:  
• The relatively high hydrogen carrying capacity 

per unit volume of NH3 allows a single small 
berth to cater to higher hydrogen production 
scenarios than either LH2 or LOHC. 

• The relatively low hydrogen carrying capacity 
per unit volume of LOHC and the requirement 
to return unsaturated product drives the highest 
berth and storage requirements. 

• The requirements for LH2 berths and storage 
are between those for NH3 and LOHC. 

• LOHC has the benefit of being an inert product 
which can be shipped using existing 
infrastructure and vessels. 

• NH3 is commonly transported using existing 
technology but a significant expansion in 
infrastructure would be required to match 
potential worldwide hydrogen demand. 

• LH2 is not widely transported and development 
of shipping and storage technology is required. 

Table 4  Shipping assessment conclusions 
 

LH2 NH3 LOHC 
Berth 
requirements Medium Least Most 

Storage 
requirements Medium Least Most 

Vessel 
technology Prototype Existing Existing 

Infrastructure 
maturity Prototype Existing at 

small scale 
Existing at 
large scale 

 
5. Spatial needs 
As the study covered a diverse range of coastal 
settings spatial needs were set for: 
• Relatively exposed offshore berths 
• Relatively sheltered nearshore berths  
 
Two general forms of infrastructure were examined: 
• Single point mooring (SPM) (for offshore and 

nearshore berths) 
• Island jetty with trestle (for nearshore berths)  
 
The spatial needs were set based on typical vessel 
sizes for the capacities shown in Table 1. The 
purpose of the study was to allow multiple products 
to be exported so the vessel parameters were 
enveloped for the short-medium term ‘small’ vessel 
and medium-long term ‘large’ vessel. 
 
This simplification reduced the number of scenarios 
to six, formed from the two exposure settings, two 
structure forms, and two vessel sizes as shown in 
Figure 3. The spatial needs for each scenario 
included: 
• Approach channel plan geometry and depth 
• Manoeuvring areas plan geometry and depth 
• Swinging area and depth for SPM 
• Berth area and depth for jetty 
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Figure 3  Scenarios examined for spatial needs 

 
6. Site identification and characterisation 
A range of sites were identified and characterised to 
enable them to be tested against the strategic 
needs, functional requirements, and spatial needs. 
 
Characterisation criteria included:  
• Environmental red flag considerations (i.e. 

marine parks, sanctuaries etc.) 
• Suitable developable onshore land 
• Available marine areas and depths 
• Proximity to hydrogen production resources 

and/or transmission infrastructure 
• Distance between land and sufficient water 

depth 
• Exposure to conditions likely to affect berth 

operability 
• Availability of existing tug services 
• Whether the site was an existing port, proposed 

port, or new opportunity 
 
7. Screening and evaluation 
The screening and evaluation stage of the site 
selection included a two-stage Multi Criteria 
Analysis (MCA) process. In the first stage of the 
MCA sites were screened against ‘must have’ 
pass/fail criteria. For a site to progress past this 
stage it must satisfy all criteria. As some locations 
had the option of developing either an SPM or a jetty 
berth, they could progress by satisfying the criteria 
for either choice.  
 
Sites passing the first stage of the MCA were 
developed further to enable a broader semi-
quantitative comparison against weighted criteria in 
Stage 2 of the MCA. The process, based on [9], is 
illustrated in Figure 4.  
 
7.1 MCA Stage 1 
The ‘must-have’ criteria applied at Stage 1 of the 
MCA included: 
• No environmental red flags 
• Available developable onshore land 
• Suitable marine areas and depths 

• Good access to hydrogen production resources 
and/or transmission infrastructure 

• Sufficient differentiation from nearby alternative 
locations (i.e. to screen out multiple potential 
sites along the same stretch of coastline) 

 
Fifteen potential sites were tested and ten of these 
passed the Stage 1 criteria. 
 

 
Figure 4  MCA process (from [9]) 

 
7.2 MCA Stage 2 
The second stage of the MCA assessed the 
developed options against semi-quantitative criteria 
which included: 
• Comparative capital cost 
• Comparative operating cost 
• Stage 1 development cost and comparative 

complexity of expansion 
• Opportunities to use existing infrastructure 
 
The comparative capital cost (Figure 5) and ease of 
staging the export terminal were heavily influenced 
by the available water depth and distance from 
shore. Some locations had sufficient water depth 
close to shore and relatively little distance between 
the depths required for small vessels and large 
vessels, while others had a gentle sloping seabed 
so that the small vessel berth was a way offshore 
and the large vessel significantly further.  
 

Offshore
(exposed) SPM

Large 
vessel 1

Small 
vessel 2

Nearshore
(sheltered)

SPM

Large 
vessel 3

Small 
vessel 4

Jetty

Large 
vessel 5

Small 
vessel 6
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Figure 5  Comparative capital cost across ten options 
and three stages of development  

 
Comparative operating costs (Figure 6) were 
influenced by: 
• Each site’s relative exposure, which drove 

maintenance cost allowances. 
• Each site’s location, with remote locations 

attracting a higher cost than those nearby to 
existing settlements with a ready supply of 
labour and support services. 

• The availability of tug services, with remote 
sites requiring a dedicated service to be set up. 

 

 
Figure 6  Comparative operating cost across ten 
options and three stages of development  

 
7.3 Findings 
Five ports were identified as having excellent 
development potential as a hydrogen export 
terminal (Figure 7). 
 

 
Figure 7  High potential hydrogen export locations [4] 

 
Three of these were flagged as being the most 
compelling, when the full chain of hydrogen 
production was considered [4]: 
• Port Adelaide: The ability to use existing 

infrastructure would allow localised green 
hydrogen production with renewable energy 
supplied by the grid. The total level of 
investment required is lower than some 
alternatives, making this an attractive location to 
kick-start the hydrogen economy. 

• Port Bonython: Potential to have both green and 
blue hydrogen exported through this location 
due to its proximity to wind and solar resources, 
and natural gas reserves. Existing transmission 
infrastructure could support smaller volumes of 
green hydrogen production. 

• Cape Hardy/Port Spencer: The bathymetry and 
access to renewable energy resources give this 
site the potential to develop as a green 
hydrogen export hub.  

 
8. Conclusion 
Hydrogen export terminals will be a key component 
of the international hydrogen trade. Finding 
locations where there are synergies between 
environmental characteristics, hydrogen production 
resources, transmission infrastructure, and marine 
accessibility requires analysis of a range of factors 
that contribute to both the start-up capital costs of a 
development and the ongoing operational costs. 
 
From the export terminal’s perspective there are 
clear differences in requirements depending on the 
product that is being shipped. NH3 places the least 
demand on port infrastructure for a given rate of 
hydrogen production, while LOHC place the highest 
demand. LH2 is in the prototype stage but appears 

Comparative capital cost

Stage 1 Stage 2 Stage 3

Comparative operating cost

Stage 1 Stage 2 Stage 3
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to be a mid-way between NH3 and LOHC. LOHC 
offers the potential to utilise widespread existing 
infrastructure for liquid bulk shipping, an advantage 
that is not offered by the alternatives. 
 
The difference in costs to process the different 
products needs to be considered alongside the 
demands on the export terminal. LOHC conversion 
requires the lowest conversion costs with LH2 the 
upper bound of the range. The downstream 
processing costs can significantly outweigh those 
associated with the export terminal (Figure 8). It is 
therefore likely that product choice will dictate the 
export terminal requirements, rather than the other 
way around. 
 
Further to this, landside transport costs (i.e. 
transmission of electricity for green hydrogen 
production, or transport of hydrogen for blue 
hydrogen production) also outweigh the costs 
associated with the export terminal (Figure 8). This 
emphasises the importance of identifying 
production resources with close links to an export 
terminal site, rather than linking production and 
export facilities over long distances. 
 
 
 

 
Figure 8  Ranges of supply chain costs contributing to 
the total on-board cost [4] 

 
As the hydrogen production and export industry is 
in the early stages of development it will be 
important to identify sites that can be developed 
with a relatively low up-front cost, enabling concepts 
to be proven. If the industry develops into a global 
large-scale trade, then a wide range of sites may be 
feasible for development as it would be more cost 
effective to have multiple export terminals than a 
greater level of landside transport infrastructure. 
Hydrogen production resources that are stranded 
without access to an export terminal will be less 
valuable than those in close proximity to an export 
terminal location. 
 
The site selection process outlined in PIANC 
WG185, along with other supplementary guidance, 
has provided an effective framework for this initial 

comparison of options. The MCA process has 
enabled a wide range of criteria to be understood, 
allowing the options to be understood and 
compared through a robust and auditable process.  
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Abstract 
In June 2017 Emirates Team New Zealand defeated Oracle Team USA, seizing the opportunity to host the 
36th America’s Cup on the Waitematā Harbour in Tāmaki Makaurau Auckland. Auckland last hosted this 
international sporting event in 2003. Continued urban regeneration along Auckland’s waterfront meant that the 
previous event infrastructure had since been redeveloped for other uses. 
 
The lack of space to host the event was a serious test for the City. Together with central Government, Auckland 
Council recognized the significant potential economic, social and reputational benefits of the Cup to Auckland 
and New Zealand – the opportunity to adapt a waterfront brownfield site at pace, helping a flagship event and 
the City to thrive. Delivery of the complex, highly visible project with an immovable deadline, called for a 
proactive and collaborative approach. The Wynyard Edge Alliance was formed by Auckland Council and 
central Government in July 2018 to design and construct the infrastructure.  
 
This case study examines how, by coming together around a collective goal of “creating a stage for the 
America’s Cup and a waterfront destination that Kiwis and visitors love”, the Wynyard Edge Alliance, and its 
participants, overcame challenges relating to land availability, water space and funding constraints to deliver 
the infrastructure required to host the event in time for the syndicates arrival. It particularly focuses on: 
• how the split between temporary and permanent infrastructure was used to maximise legacy value within 

funding constraints. 
• the design issues faced in terms of design life, durability and contamination. 
• accommodating the wide-ranging needs of superyachts, international race syndicates and vibrant public 

spaces.  
• the solutions found to accommodate sea level rise for new infrastructure and address resilience challenges 

for 100-year-old wharves and reclamation 
• repairs to repurpose and extend the useful life of the 100-year-old Wynyard Wharf 
 
Keywords: America’s Cup, temporary infrastructure, marine structures, repurposing and reuse, brownfield. 
 
1. Introduction 
Auckland’s downtown waterfront has been critical to 
the city’s continued growth over the last 150 years 
and has been subject to constant change and 
evolution. In recent years the port and industrial 
facilities that have historically dominated the water’s 
edge have been redeveloped making way for new 
public spaces surrounded by mixed use 
development including new residential areas, 
commercial development and marina facilities. 
 
The 2000 America’s Cup resulted in significant 
redevelopment of Auckland’s waterfront, initially 
creating facilities for the 2000 and 2003 events. 
These works transformed the Viaduct Basin area of 
Downtown Auckland which has led to subsequent 
urban regeneration. In the process, much of the 
original America’s Cup event infrastructure was 
repurposed as public open space and commercial 
lots. 
 
Emirates Team New Zealand’s (ETNZ) success in 
the 2017 America’s Cup gave Auckland the 
opportunity to once again host the renowned 
international sporting event, but a lack of available 

space for syndicate bases and associated race boat 
and superyacht berths posed a significant 
challenge. 
 
This paper discusses the approach taken to rapidly 
design and develop the world-class infrastructure 
required to support the 36th America’s Cup in 
Tāmaki Makaurau Auckland in 2021 while also 
creating a legacy for the city that will last well 
beyond the sporting event. 
 

 
Figure 1 Plan showing extent of Wynyard Edge Alliance 
scope from Hobson Wharf though to Wynyard Point. 
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In particular, the paper focuses on how the Wynyard 
Edge Alliance (WEA), which was formed to design 
and construct the infrastructure, overcame 
challenges relating to land availability, integrating 
new and existing assets, water space and funding 
constraints to deliver the infrastructure in time for 
the arrival of the racing syndicates. 
 
2. Key Constraints 
Creating the infrastructure required to once again 
host the America’s Cup in downtown Auckland 
posed a number of major challenges from the 
outset. 
 
Significant areas of land were required to 
accommodate the numerous race syndicate base 
buildings and associated marina space was needed 
to support the berthing of the race boats, support 
craft and numerous visiting superyachts. 
 
Recent waterfront development and ongoing 
commercial operations meant that there was little 
available landside space to accommodate the base 
platforms so early concepts considered a variety of 
options including significant wharf extensions that 
projected into the harbour. 
 

 
Figure 2 Initial concept option involving a 220m extension 
to Halsey Wharf that attracted stakeholder and 
environmental concerns (Source: [6]). 

The lack of available marine space was further 
complicated by existing operations along the 
waterfront including the SeaLink ferry terminal and 
the marina and fishing fleet operations. Exposure to 
storm waves and ferry wake also posed a challenge 
for the design of the vessel berths which was 
compounded by conflicting requirements relating to 
navigation, wave climate and water quality.  
 
Achieving a balance between the operational 
requirements of the America’s Cup event and 
delivering infrastructure that integrated with and 
further expanded, areas of existing public open 
space, in accordance with urban and landscape 
design requirements, was also a key consideration 
in the design of the new infrastructure. 
 
The varying age, condition, and seismic resilience 
of the existing assets around the harbour also made 

the integration of new infrastructure more complex. 
These existing assets included wharf structures 
ranging from 20 to 100 years old and the Wynyard 
Point reclamation which was formed between 1905-
1930 and suffers from heavily contaminated land 
and mobile ground water. 
 
The hard deadline imposed by the America’s Cup 
event, which was due to commence in December 
2020, also presented a major constraint and project 
risk as was the available funding which had been 
subject to significant public scrutiny. 
 
3. Risk and Procurement 
The sensitive marine environment coupled with 
complex stakeholder relationships and a fixed 
deadline posed significant risks to the project and 
wider event programme. The objectives and 
requirements of the different stakeholders including 
ETNZ, marina operators, local business, mana 
whenua and Council were often in conflict with one 
another and required careful and ongoing 
management and consultation. Strong project 
governance combined with sophisticated 
stakeholder engagement and commercial 
awareness were identified as being critical to 
achieve project success.  
 
Various procurement models were considered to 
deliver the infrastructure but considering the 
timeframes and supply chain constraints the more 
conventional approaches including Traditional and 
Design and Construct were expected to take too 
long and lack out-turn cost certainty. A pure alliance 
was considered the only model capable of 
delivering the project on time while also meeting 
value for money and quality objectives. An alliance 
was also considered to be more flexible to the 
changes, that might result from ongoing stakeholder 
engagement, and allow simultaneous 
commencement of cost negotiation, design, 
engineering and construction activities. 
 
An alliance is a relationship-style model where a 
public sector agency works in collaboration with 
private sector parties to deliver a major capital 
asset. Alliances are typically used for highly 
complex or large infrastructure projects. In New 
Zealand, this has typically been major road projects 
that have high degrees of uncertainty and would be 
challenging to scope, price and deliver effectively 
using more traditional delivery models. 
 
The Wynyard Edge Alliance was formed in April 
2018 by owner participants Auckland Council and 
central Government, through the Ministry of 
Business Innovation and Employment (MBIE), and 
non-owner participants McConnell Dowell, Downer, 
Beca and Tonkin + Taylor. The Alliance was 
established around a common purpose of “Creating 
a stage for the America’s Cup and a waterfront 
destination that Kiwi’s and visitors love”. 
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4. Berthing and Water Space 
 
4.1 Breakwaters 
To create the sheltered berthing conditions required 
for the AC75 race boats, support craft and visiting 
superyachts the design included eight new 
breakwaters (with a combined total length of 
approximately 420m) off the existing Hobson, 
Halsey and Wynyard Wharves.  
 
Achieving the onerous wave tranquillity 
requirements for the race boats, whilst also 
maximising berth space and providing navigational 
access to the large superyachts, which shared the 
new marina space, was particularly challenging. 
This was further complicated by potential negative 
impacts on water quality as a result of the new 
enclosed water spaces and associated reduction in 
tidal flushing. 
 
The design wave environment was dictated by the 
sensitive race yachts which required wave heights 
from all ferry wakes for beam seas to be limited to 
less than 0.1 m [4]. Achieving this while also 
providing safe access for superyachts required 
careful adjustment of the openings between 
breakwaters or other adjacent structures. 
 
To maximise berthing space and minimise 
occupation of the seabed a piled breakwater form 
was adopted as opposed to alternatives such as 
marine bunds. Floating breakwaters were also 
considered but were generally discounted due to 
performance requirements. 
 
Several of the breakwaters are designed as porous 
structures to mitigate potential water quality effects 
through increased tidal flushing. Careful selection of 
the design porosity was required to maintain 
breakwater performance requirements. These were 
initially calculated using various industry guidelines 
and reference documents. Numerical and physical 
modelling was subsequently undertaken to analyse 
and verify wave transmission and reflection 
performance. 
 
The initial concept designs prepared for the 
resource consent utilised a similar form to that 
adopted on the existing wharves constructed for the 
2000 America’s Cup, which comprised precast 
concrete panels bolted to reinforced concrete piled 
wharf structures.  
 
To address risks identified during Safety in Design 
reviews, the Alliance developed an alternative form 
that utilised closely spaced reinforced concrete 
bored piles with steel casings and HDPE sleeves. 
 
The alternative form significantly improved health 
and safety outcomes, both during construction and 
maintenance. The design avoided the need for high-
risk diving works during construction and eliminated 

long-term maintenance issues associated with 
concrete panels and their bolted connections. As 
well as improving visual appearance, the HDPE 
sleeves eliminated the need to provide a corrosion 
protection system or coating that would require 
ongoing maintenance over their 100-year life span. 
 

 
Figure 3 Conceptual visualisation of the Wynyard Wharf 
piled breakwater showing the reinforced concrete piles, 
steel casings, HDPE sleeves and concrete deck structure. 

4.2 Wynyard Wharf 
Berth access and vessel launching, using mobile 
cranes, for the Wynyard Point bases was provided 
from the existing 100-year-old Wynyard Wharf 
located on the eastern side of Wynyard Point. 
 
Until recently, the 100-year-old Wynyard Wharf was 
being operated by Ports of Auckland to support the 
adjacent bulk liquid storage operations. The wharf 
was exhibiting signs of deterioration across a range 
of structural elements and structural and 
geotechnical analysis had revealed that the entire 
structure has limited seismic capacity. 
 
The low seismic factor of safety was considered to 
limit potential uses of the wharf and deterioration 
had resulted in downgrading of the deck load 
capacity in some areas. Seismic strengthening of 
the wharf was discounted due to funding 
constraints, but extensive repairs were completed to 
support safe operations for the America’s Cup 
syndicates and reinstate the original design load 
ratings. Repairs of less severe defects were also 
completed to extend the time to next maintenance 
and reduce health and safety risks associated with 
future maintenance activities beneath the wharf. 
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The extent of repairs covered over 200m of wharf 
and involved hydro demolition followed by repair. 
The repairs comprised replacement of exposed 
corroded reinforcing steel followed by reinstatement 
of concrete using sprayed concrete (shotcrete) and 
insitu forms in more visible areas. The repairs were 
completed over a 12-month period and are 
expected to extend the life of the wharf by another 
15-20 years [1].  
 

 
Figure 4 Photo of  repair to reinforced concrete elements 
beneath Wynyard Wharf following hydro demotion. 

The extensive hydro demolition required rigorous 
health and safety controls to mitigate the high-risk 
nature of the work and address stakeholder 
concerns associated with noise. These measures 
included restrictions on lance types and 
maintenance, safe access (achieved through 
suspended working platforms beneath the wharf) 
and the use of noise attenuation barriers. 
 
4.3 Maintaining Key Transport Links  
To create the new marina space required for the 
America’s Cup it was necessary to relocate several 
existing marine operations. This included the 
SeaLink ferry terminal which supports daily RoRo 
ferry services to Waiheke and Great Barrier islands.  
 
A new ferry facility was required to provide berthing 
and loading access for two interisland ferries along 
with a new landside yard for vehicle stacking. The 
chosen site was a former boat yard which contained 
a number of derelict buildings and boat ramps with 
varying levels of ground contamination.  
 
To meet funding constraints the design integrated 
SeaLink’s existing steel pontoon and linkspan into 
the design. The linkspan was connected to a new 
piled wharf structure which provided a transition to 
the new vehicle stacking yard. 
 
Other works included the installation of berthing and 
turning piles, fitted with donut fenders, dredging and 
revetment works and a new piled seawall to 
stabilise the yard under seismic loads. The existing 
boat ramps were filled to create the new landside 
yard, and an area of contaminated waste material 
was declaimed (removed) from the shoreline. 
 

The completed terminal was handed over within 14 
months from the Alliance being engaged and 
schedule impacts were minimised through 
engagement with the operator. 
 
5. Landside Bases 
Stakeholder and environmental concerns relating to 
the initial schemes (that involved large scale wharf 
extensions to accommodate multiple syndicate 
bases) attracted significant public, media and 
political attention.  
 
Auckland Council and central Government 
subsequently engaged in further discussions and 
negotiations with landowners and lease holders that 
released 2.4ha of brownfield land on Wynyard Point 
that was previously unavailable for redevelopment.  
 
The Wynyard Point site is a peninsula of land that 
was reclaimed between 1905-1930 and has 
primarily been used for bulk liquid storage and a 
variety of industrial activities. Wynyard Wharf which 
extends along the eastern site of Wynyard Point 
was constructed at around the same time to support 
general cargo and bulk liquid operations. 
 
The 2.4ha landside site created space for five 
challenger bases together with a new area of public 
open space to the south. 
 

 
Figure 5 Photo of the Wynyard Point Syndicate base sites 
together with the temporary infill bridges, Wynyard Wharf 
and race boat berths. 

5.1 Contamination 
The reclamation material comprised reworked 
marine sediments together with more variable fill 
including limestone, demolition debris and 
gasworks and incinerator waste. As a result of the 
site’s formation and subsequent land uses, the soils 
contained varying levels of hydrocarbon, heavy 
metal, cyanide and asbestos contamination. Full 
remediation was considered to be unviable due to 
its open-ended nature. Significant uncertainty 
around the site’s future uses meant remediation 
was better focused on the immediate America’s Cup 
development. 
 
Timescales and funding constraints also meant a 
practical approach to remediation was required. 
This was achieved by adopting a strategy that 
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focused on containment and capping of 
contaminants. Surface layers and deleterious 
materials were removed and the underlying soils 
were capped by either impermeable hard paved 
areas or clean fill, with a minimum thickness of 
500mm, in landscaped areas. This approach was 
also considered to present some environmental 
benefits by minimising the volume of contaminated 
material that needed to be disturbed and removed 
from site for disposal at managed landfill sites. 
 
5.2 Stormwater 
In accordance with consent conditions, water quality 
treatment was required for the majority of trafficable 
pavements, to a standard of at least 75% total 
suspended solids (TSS) removal.  
 
Limited available space to accommodate the 
required syndicate bases and operational areas put 
significant constraints on the stormwater design.  
This meant that adopting a water-sensitive urban 
design approach that integrated ecosystem 
services such as raingardens or swales was 
considered infeasible for the base sites [9].  
 
Limited hydraulic head between stormwater inlets 
and tidal tailwater levels also imposed further 
challenges for the stormwater design. To overcome 
the challenges relating to spatial constraints the 
design utilised below ground treatment chambers 
fitted with Stormwater 360 Jellyfish cartridges. The 
Jellyfish devices were selected due to their low 
operating head requirements which was beneficial 
for this low-lying coastal site. 
 
Varying allowances for sea-level rise were applied 
to accommodate the different design life 
requirements across the project areas. Projections 
were interpolated for the different design lives 
based on a 1.0m sea-level rise over 100 years 
which was consistent with the requirements of the 
Auckland Unitary Plan (Operative in Part) [2] and 
New Zealand Ministry for Environment Coastal 
Hazards and Climate Change Guidance [7] for a 
continuing high emission scenario. With design lives 
varying from 10-50 years the adopted sea-level rise 
allowances ranged from 0.06-0.50m respectively. 
 
6. Legacy Value 
Creating a stage for the America’s Cup and a 
waterfront destination that Kiwis and visitors love 
required the immediate needs of the America’s Cup 
to be balanced with the creation of public open 
space and the longer-term development plans for 
Auckland’s waterfront. Engagement with the event 
organisers, syndicate teams, including ETNZ, and 
Eke Panuku Development Auckland (Auckland 
Council) was critical to gain an understanding of the 
varying functional requirements and longer-term 
aspirations. 
 

The development of permanent infrastructure that 
misaligned with long term plans was considered to 
result in poor legacy outcomes. A scheme that 
combined existing and new permanent 
infrastructure with temporary elements was 
therefore adopted to maximise legacy value. This 
was also reflected in the resource consent 
conditions which stipulated certain elements should 
be removed within set timeframes post event. 
 
6.1 Extending Hobson Wharf 
Hobson Wharf Extension projects off the northern 
end of the 80-year-old Hobson Wharf and the 20- 
year-old Harbour Entrance Protection Wharf. 
Design life had a significant impact on the design 
loadings and structural form. Design life and 
durability were therefore separated to enhance 
value for money. Similar to other permanent marine 
structures on the project, such as the breakwaters, 
the wharf was designed with a design life of 50 
years with a durability requirement for primary 
structural elements of 100 years. 
 
The 72m x 81m wharf extension was the largest 
single structure on the project but needed to be one 
of the first structures to be completed to support, the 
Challenger of Record, Luna Rossa’s arrival and 
construction of their base building. Early designs of 
the base building included statement schemes 
developed by internationally renowned architects. 
However, uncertainty around the design of the 
building and its associated structural form and 
services significantly increased the complexity of 
the wharf design which needed to accommodate a 
large degree of flexibility. This was further 
compounded by the resource consent directing that 
the building be temporary in nature, leaving 
uncertainty around the future uses of the wharf 
through its 100-year life. This meant that in addition 
to supporting the event infrastructure the wharf also 
needed to be able to accommodate potential future 
uses for events, the provision of public open space 
or commercial vessel berthing. The provision of 
services and drainage also posed a significant 
challenge due to the wharf’s location, being over 
200m from the nearest public landside service 
connections in Quay Street. 
 
The wharf was also required to tie into the level of 
existing wharves and the surrounding waterfront 
which raised challenges with regard to resilience 
against future Sea Level Rise (SLR). 
 
The final solution comprised 84 reinforced concrete 
bored piles with permanent steel casings, 
supporting reinforced concrete headstocks, and 
precast concrete planks, with in-situ topping. An 
adaptive approach was adopted to account for SLR 
as required by the Auckland Unitary Plan [2]. To 
meet the needs of the present and accommodate 
the future projection scenarios the piles have been 
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designed to enable the deck to be raised in the 
future by up to 1 metre above its constructed level. 
 

 
Figure 6 Photo of the completed Hobson Wharf Extension 
and temporary Luna Rossa Base building. 

6.2 Catalyst for Change 
With the decommissioning and clearance of the bulk 
liquid storage facilities to the south of Wynyard Point 
the America’s Cup project has acted as a catalyst 
for the future development of the peninsula. In 
developing designs for the base sites and areas of 
public open space consideration was given to the 
long-term development plans for Wynyard Point. In 
the future Wynyard Point is expected to act as an 
extension to the existing Wynyard Quarter 
developments to the south and involve further 
residential and park development. 
 

 
Figure 7 Future development (legacy) plan layout for 
Wynyard Point showing a mixture of residential park 
development and public open space (Source: [3]) 

Given the temporary nature of the challenger base 
buildings much of the infrastructure being delivered 
by the Alliance was also considered to be 
temporary. This posed a particular challenge for the 
design of pavements, drainage and utilities due to 
the robust nature of the materials and products used 
which are typically intended to achieve design lives 
of up to 100 years.  

With few similarities between the layout or 
functional requirements of the America’s Cup 
infrastructure and longer-term development plans 
there was limited opportunity for future proofing. 
Avoiding the creation of future development issues, 
as a result of the AC36 works, was however a key 
consideration during design and construction. 
 
6.2.1 Silo Park Extension 
Silo Park Extension is a new park that has been 
created to the south of the America’s Cup bases on 
Wynyard Point. The park is one of the primary areas 
of public open space created as part of the 
America’s Cup infrastructure project and is 
considered to be a key legacy item. The park has 
been designed as an extension of the existing 
Wynyard Quarter redevelopments and is intended 
to be a permanent feature that will be integrated into 
future developments on Wynyard Point. 
 

 
Figure 8 Photo of liquid bulk storage tanks incorporated 
into the new Silo Park Extension (Source:[8]) 

A key feature of the park is the retention of the nine 
existing stainless-steel food grade oil tanks, and 
associated pipe elements that have been 
incorporated into the public realm. 
 

 
Figure 9 Photo of Te Nukuao, the new waka inspired 
shade structure, located in Silo Park Extension 

As kaitiaki, mana whenua saw the America’s Cup 
project as an opportunity to showcase their 
connection to this maritime space. The Alliance 
worked closely with mana whenua and iwi artists on 
establishing a ‘cultural marker’, as required by the 
resource consent, together with other cultural 
elements. This culminated in Te Nukuao which is a 
new shade structure located within the park, the 
design of which draws upon the narrative, form and 
symbolic presence of waka hourua’s sails. The 
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narrative is further strengthened though the 
incorporation of woven elements combining modern 
materials with traditional techniques. 
 
6.3 Infill Bridges 
The provision of adequate berth and yard space for 
the challenger bases was essential for the syndicate 
operations. Initial concepts included the 
construction of a new infill wharf, between the 100-
year-old Wynyard Wharf and landside seawall, 
covering an area of nearly 4,000m2. Working with 
key stakeholders including Panuku and ETNZ the 
Alliance challenged early concepts and functional 
requirements to come up with an optimised solution, 
involving the construction of six temporary bridges, 
resulting in significantly reduced footprint, capital 
expenditure and better alignment with long-term 
development plans.  
 
The final scheme included five 18m wide by 19m 
long bridges that each comprise of a composite 
reinforced concrete deck supported on longitudinal 
steel beams and four driven steel piles. Precast 
retaining walls with surrounding ground stabilisation 
were provided due to uncertainty around the 
capacity of the existing 100-year-old seawall at the 
landside end of each bridge. A design life of 10 
years was adopted for each of the new bridges. 
Piling through the 100-year-old marine bund 
beneath Wynyard Wharf presented challenges both 
in terms of design and construction with risk of 
obstruction posing a significant risk to the works. 
 
A new temporary pedestrian bridge was also 
provided to access one of the new breakwaters. The 
bridge comprises a steel walkthrough truss which 
spans between Brigham Street and Wynyard Wharf 
and includes an aluminium deck and cladding 
incorporating iwi artist inspired perforated patterns.  
 
7. Conclusion 
The 36th America’s Cup, like other events before it, 
has been a catalyst for change resulting in the 
decommissioning of industrial activities and 
waterfront redevelopment that create 
environmental, social, and economic benefits.  
 
The new breakwaters created the sheltered 
berthing conditions required for the sensitive race 
yachts with an efficient marine footprint that 
maximised berthing space. The innovative piled 
breakwater design also resulted in significant 
benefits in terms of constructability, programme, 
health and safety and long term maintenance when 
compared to alternative forms.  
 
The practical remediation strategies adopted for this 
project, minimised disturbance of contaminated 
materials, supported the ambitious construction 
programme and improved value for money while 
also providing certain environmental benefits. 

Overcoming issues relating to the use and 
integration of new and existing assets, of varying 
condition, that met the needs of the event and 
created vibrant public spaces was particularly 
challenging. Targeted upgrades to existing assets 
together with the use of temporary elements 
enabled infrastructure investment to be focused on 
assets that created greatest legacy value and 
enhanced value for money.  
 
In New Zealand the Alliance delivery model has 
typically been adopted for major roading schemes 
and has rarely been used for the delivery of marine 
and coastal infrastructure. The AC36 project has 
demonstrated that it can be an effective means of 
delivering major projects (>$200m) in the marine 
environment especially in situations where there is 
a high degree of scope and price uncertainty. The 
flexibility and strong relationships created through 
the Alliance model encouraged increased 
multidisciplinary collaboration and stakeholder 
engagement. This facilitated an increased focus on 
collective goals that included the immediate needs 
of the America’s Cup together with longer term 
stakeholder aspirations. 
 
A recent value for money review, commissioned by 
the Ministry of Business, Innovation and 
Employment and Auckland Council, acknowledged 
the Alliance’s successes, not only in the delivery of 
the infrastructure required to support the AC36 
event but also as a leading example of the benefits 
of an Alliance model as a method to successfully 
deliver a complex project under a tight time frame 
and budget, and provide public value above and 
beyond cost savings [5].  
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Abstract 
 
Cobham Drive, Wellington, is the site of a newly constructed footpath and cycleway with 430 m of associated 
erosion protection in the form of rock revetment. Habitat enhancement over and above rock placement was 
required to provide habitat complexity and enhanced ecological function post-construction.  
 
Marine flora and fauna that reside in coastal areas are impacted by anthropogenic changes to coastlines, 
leading to loss of coastal habitat and their associated ecosystem services. Ecological enhancements or 
interventions are becoming increasingly common to address human induced changes to coastlines. Drawing 
on local and international examples, we identified ecological enhancement features to re-instate ecological 
values in a hard-engineered environment.  
 
The first feature was pre-cast enhancement tiles that were designed to incorporate ecological specifications in 
tandem with cultural aspects. The tiles were designed at 400 mm x 400 mm (width and height) and 100 mm 
deep, using concrete with an ‘acid finish’ that provided additional texture and roughness.  
 
Secondly, we recommended retrospective amendments to the rock revetment material in the form of drill-cored 
rock pools of varying diameter and depth to mimic natural rock pools in the intertidal zone.  
 
The proposed enhancements were designed within site constraints, such as the small tidal range, local site 
conditions, rock type and size that was used for erosion protection and known fauna (little penguins / kororā) 
in the immediate vicinity.  
 
Further, to protect kororā using the site for nesting and moulting, T+T ecologists developed a fauna 
management plan to protect kororā during construction, and to identify appropriate mitigation in the form of 
Department of Conservation standard nesting boxes that were installed by contractors above high tide and 
landward of the revetment.  
 
Keywords: Marine ecological enhancement, penguin management, erosion protection 
 
1. Introduction 
 
Most marine flora and fauna reside in coastal areas, 
and anthropogenic changes to coastlines are a key 
reason for loss of coastal habitats and their 
associated ecosystem services (Spalding et al., 
2007). Under natural conditions these ecosystems 
would provide diverse food sources, shelter and 
nursery grounds for a variety of invertebrates, algae 
and fish. However, coastal infrastructure such as 
ports, breakwaters and revetments, replaces these 
rich natural habitats with low surface complexity that 
does not provide suitable conditions for the 
development of diverse biological assemblages 
(Perkol-Finkel et al., 2018). Such engineered 
structures are also often dominated by nuisance 
and invasive species (Mineur et al., 2012).  
 
Ecological enhancements or interventions are 
becoming increasingly common to address 
anthropogenic changes to coastlines. There are 
various definitions, but ecological enhancement can 

generally be described as modification to a site to 
increase and / or improve habitat for plants and 
animals (increasing biodiversity), while protecting 
human health and the environment (Urban Marine 
Ecology, 2020).  
 
This paper presents a site-specific example of 
marine ecological enhancements being 
incorporated into a hard-engineered rock structure 
in the intertidal environment. The purpose of the 
enhancements was to provide habitat complexity 
and enhanced ecological function post-
construction.  
 
2. Site location 
 
The site is located within Wellington Harbour, at the 
southern extent of Evans Bay (Figure 1). This site is 
adjacent to the northern side of Cobham Drive, and 
is approximately 430 m in length.  
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A new footpath and cycleway has been constructed 
on the seaward side of Cobham Drive, supported by 
a new rock revetment that provides erosion 
protection. The new revetment replaces an ad hoc 
collection of rocky material, construction debris and 
building rubble that was used to protect the large 
areas of reclamation fill in the 1950s.  
 

 
Figure 1   Cobham Drive site location, showing the 430 m 
site extent and location of marine ecological 
enhancements.  

 
3. Habitat enhancement overseas 
 
To inform habitat enhancement options at Cobham 
Drive, a literature review of international and 
(limited) New Zealand examples was undertaken to 
understand potential opportunities and constraints 
within the context of the Cobham Drive site.  
 
Habitat enhancement in the intertidal environment 
has been trialled at numerous locations overseas in 

recent years. These enhancements have included 
retrofitting of existing structure (such as seawalls) or 
installation of new enhancement features (including 
artificial rock pools or BIOBLOCKS).  
 
3.1 Rock pool enhancements 
 
Artificial rock pools are enhancement features that 
retain seawater at low tide and increase habitat 
diversity on seawalls, bulkheads, and breakwaters. 
They mimic tide pools, which are an important 
feature of natural rocky shores. The creation of 
pools is an effective way of providing important 
habitat for intertidal organisms in artificial 
environments (Chapman and Underwood, 2011; 
Chapman and Blockley, 2009).  
 
An example of a rock pool as enhancement is 
shown in Figure 2; BIOBLOCKS®, a precast 
enhancement prototype, were trialled at Colwyn 
Bay, Wales, in 2012. The BIOBLOCK® comprised 
multiple habitat types that are not normally present 
on the boulders of an engineered structure, whilst 
also dissipating wave energy. The BIOBLOCK® 
comprised rock pools, pits and crevices in the 
vertical and horizontal faces. Monitoring identified 
that the BIOBLOCK® consistently supported 
greater species richness than the adjacent boulders 
(Firth et al., 2014). 
 

 
Figure 2   BIOBLOCK® trials at Colwyn Bay, Wales; 
monitoring of the blocks identified that they supported 
consistently greater species richness than adjacent 
boulders. 

 
3.2 Seawall enhancement units 
 
Previous studies have shown that concrete tiles on 
seawalls (sloping or vertical) that incorporate 
microhabitat size variability (i.e. complexity) can 
increase species richness compared to unmodified 
seawalls (Loke et al., 2017).  
 
Reef Lab have trialled 3D printed tiles in Sydney 
Harbour (refer to Figure 3). The tiles were designed 
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to mimic natural features of Sydney rocky 
shorelines and have been retrofitted to existing 
seawalls. A monitoring programme was established 
to determine whether the number of habitat tiles 
installed influences the ecological function of the 
artificial structures (published results pending).  
 
Seaweeds, oysters, limpets and marine snails were 
observed on the tiles within a month of deployment. 
The tiles (55 cm diameter) were attached to 
seawalls using marine-grade stainless steel rods 
and epoxy and are designed to sit approximately 
10 cm off the wall so that existing growth 
underneath is not disturbed. 
 

 
Figure 3   3D printed tiles trialled in Sydney Harbour by 
Reef Lab were designed to mimic natural features of 
Sydney’s rocky shorelines. 

 
3.3 Soft enhancement features 
 
Soft-engineered habitat forming features have been 
implemented overseas, primarily in the subtidal 
zone, using protruding materials such as rope, 
ribbon or twine (>0.1 m in length) (Strain et al., 
2017). These interventions were found to have a 
primarily positive impact on the abundance of fish 
and the number of fish species (Strain et al. 2017). 
 
Notwithstanding the above, soft enhancement 
features were not considered further for the 
Cobham Drive rock revetment site, on the basis of 
the use of the area by the kororā Little Blue penguin 
(Eudyptula minor), and the potential risk to the 
species from entanglement.  
 
4. Habitat enhancement in New Zealand 
 
While ecological enhancements are well 
progressed overseas, there are significantly fewer 
examples in New Zealand. 
 
Regionally, the Eastern Bays Shared Path 
(Wellington Harbour) has been designed to 
incorporate ecological enhancements. In particular, 
curved seawalls will be enhanced to improve 

intertidal habitat, through the provision of shallow 
depressions (pseudo-rock pools) on the flat step of 
the seawall where it is within 200 mm of the Mean 
High Water Springs (MHWS) mark (EOS Ecology, 
2019).  
 
In addition, purpose made ‘plant pots’ structures are 
proposed to be added to the vertical surface of the 
seawall in the mid-tide area following construction 
completion. These structures will provide space for 
retention of seawater in-between tidal cycles.  
 
In the Auckland region, marine ecological 
enhancements have been installed in the 
Downtown Public Space / Te Wānanga project in 
Auckland’s Ferry Basin. Auckland (NZCS 
Conference Presentation, T+T, 2019). Floats and 
mussel grow out lines seeded with green-lipped 
mussels (Perna canaliculus) were trialled for 
installation in 2020, with the full deployment of 38 
seeded mussel lines installed in May 2021.  
 
While this project is the first known example or a 
shellfish restoration project in an urban setting in 
New Zealand, its applicability to Cobham Drive is 
limited as it is a non-tidal floating system suspended 
from a deck, and includes supplying and installing 
bivalves, as opposed to creating habitat designed 
for natural recruitment to occur.  
 
5. Enhancements selected for Cobham Drive 
 
Based on a review of ecological habitat 
enhancement options, additional considerations 
(site conditions, tidal height and site constraints) 
and discussion with the contractor, the following 
ecological enhancements were recommended for 
the Cobham Drive rock revetment: 
 
5.1 Rock pool features 
 
Twenty (20) drilled holes in rock revetment material 
as pseudo rock pools in the intertidal zone (with a 
focus on the mid to low-tide zone and revetment 
rock toe). This task will be carried out post 
construction and allows for settlement of rock 
material to occur first. 
 
The size of rock pools will vary in size and depth, 
with a range of 80 – 100 mm diameter and 80 – 
100 mm depth. Flexibility in size and depth will be 
retained to allow for differences in size of rock 
revetment material and to ensure drilled holes do 
not compromise the structural integrity of the 
revetment.  
 
The pseudo rock pool features were selected as 
appropriate for the site and because they balanced 
cost with ecological outcomes.  
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5.2 Revetment enhancement features 
 
Forty (40) pre-cast concrete enhancement tiles will 
be installed on the rock revetment; refer to Figure 4 
for the ecological tile concept (Isthmus, October 
2020). The tile was designed to incorporate 
ecological specifications in tandem with cultural 
aspects and features a design based on kete 
(gathering baskets) that ties back to the collection of 
kaimoana at the waters edge. At the time of writing, 
the enhancement tiles were being constructed, and 
may have slight changes subject to constructability 
constraints.  
 

The tiles are 400 mm wide x 400 mm high x 100 m 
deep and will be constructed using concrete with an 
‘acid finish’ which provides additional texture and 
roughness. The tiles will be mounted on stainless 
steel plates that are bolted onto the rocks (both 
vertical and horizontal faces). The void behind the 
plate (between plate and rock face) will be filled with 
an epoxy to minimise effect of wave action on the 
tiles.  
 
The ecological enhancement tile was designed to 
incorporate habitat complexity, including varying 
depths and sizes for all holes, as shown in Figure 4.  
 

 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure 4   Cobham Drive ecological enhancement tiles designed to incorporate traditional kete (gathering basket) weave 
and create additional texture for marine growth (Isthmus Design Ltd, 2020). 
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5.3 Site selection 
 
Based on relative sea level, the drilled rock pools 
and ecological enhancement tiles will be installed 
over the eastern ~230 m of rock revetment in the 
mid to low tidal zone. This is due to site specific 
constraints and the small tidal range, with the 
western end of the rock revetment considered too 
high in the intertidal zone. 
 
Larger rocks will be targeted for enhancement, 
including those that are already suitably orientated 
in the intertidal zone.  
 
Five (5) rock pools and ten (10) pre-cast concrete 
enhancement tiles will be installed per 50 m of rock 
revetment. The exact location of enhancements will 
be determined on site with the author based on 
suitable in-situ rocks (i.e. with larger horizontal and 
vertical faces) to meet the following key 
specifications: 
 
a. All enhancements are located in the mid to low-

tide zone. 
b. 1 cluster of 5 enhancement tiles and 2 cored rock 

pools are installed in each of the 50 m 
enhancement sites. 

c. The remainder of enhancement tiles and cored 
rock pools are spaced at minimum horizontal 
spacing of 3 m. 

 
6. Monitoring and control site 
 
Ongoing monitoring is proposed by Greater 
Wellington Regional Council (GWRC) to inform 
future ecological enhancement opportunities in the 
Wellington region.  
 
Ideally, ecological enhancements should be 
installed following a before-after-impact-control 
design (BACI), in which case monitoring data can 
contribute to literature on ecological enhancements. 
At a minimum, this should include the presence and 
percent cover of marine species (native and 
invasive) on the selected ecological enhancement 
and comparison with a control site in the same area.  
 
It was recommended that any monitoring (if 
undertaken) of ecological enhancements installed in 
the proposed rock revetment was compared to a 
baseline of existing low ecological values, and that 
an agreed portion of the revetment was not 
enhanced to demonstrate a ‘control’ area by which 
to measure success of the enhancements.  
 
Two (2) 10-20 m wide sections within the 230 m 
rock revetment will not be enhanced to provide 
control sites and comparison for monitoring data.  
 
 

7. Fauna management 
 
Consent conditions required that prior to 
construction an assessment of recommended 
actions be carried out to avoid potential effects on 
little blue penguin / kororā (Eudyptula minor) at the 
site. These management actions included a pre-
works survey of the site by a qualified conservation 
dog and handler to identify penguin burrows and 
moulting penguins within the footprint of the works 
area. The site survey was undertaken in February 
2020 and identified six burrows within the works 
area. An interim dog survey was also undertaken 
prior to nesting season to ensure no penguins were 
nesting within the revetment works.  
 
To manage effects on kororā, a Department of 
Conservation (DOC) biodiversity ranger with 
penguin handling experience was consulted and 
provided technical advice regarding relocation of 
kororā during construction (if required) to the NIWA 
penguin haven, with kororā to be held there until 
they had completed their moult and were ready to 
feed again.  
 
Fifteen kororā nesting boxes were installed within 
the site area, above high tide and landward of the 
revetment.  
 
The construction team were also briefed by the 
DOC ranger on kororā (nesting and burrowing 
habits), the location of known burrows and protocols 
to be followed in the event of accidental discovery 
of a kororā or burrow signs.  
 
Daily pre-start checks were undertaken of the works 
site and stockpile areas with several kororā located 
during these checks throughout the project. These 
areas were cordoned off from works and the DOC 
representative informed of their presence. Kororā 
were relocated prior to works re-commencing in 
those areas.  
 
Fences were installed along the seaward edge of 
the project site to deter penguins from burrowing in 
the existing revetment. Once sections of new 
revetment were completed, these areas were 
‘opened up’ for penguins to be able to access. Two 
penguins were seen in sections of new revetment 
once the contractors had moved past these areas 
and removed fencing.  
 
The new rock revetment has increased overall the 
availability of habitat for kororā to breed and moult. 
 
8. Summary 
 
To provide habitat complexity and opportunity for 
enhanced marine ecological growth, two 
enhancement features were identified for post-
construction installation at Cobham Drive.  
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The Cobham Drive erosion protection project is a 
useful, local example of ways to incorporate habitat 
enhancements in the design of hard-engineered 
structures, without incurring significant extra cost or 
compromising the integrity or purpose of the 
structure. While it is recommended that such 
features are included earlier in the design process, 
this project demonstrates that ecological 
enhancements can also be included retrospectively.  
 
Within New Zealand urban areas, large sections of 
the coastline are currently modified and support a 
less diverse species assemblage than those 
observed on natural coastlines (Perkol-Finkel et al., 
2018). Marine ecological enhancement within these 
modified environments is the logical step to provide 
suitable substrate and promote marine growth, 
while concurrently inhibiting the growth of invasive 
marine pest organisms.  
 
Proposed monitoring of the Cobham Drive 
installations will further identify the effectiveness of 
these marine ecological enhancements and inform 
future opportunities within the Wellington region and 
nationally.  
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Abstract 
In 2020 MHL was commissioned by Transport for New South Wales Maritime Infrastructure Delivery Office 
(MIDO) to undertake numerical modelling investigating the impact of a proposed extension to the Coffs 
Harbour boat ramp basin breakwater on sedimentation of the boat ramp basin, its entrance and 
depletion/accretion of Jetty Beach. The modelling was completed using DHI’s MIKE21 coupled wave, current 
and sediment transport software. In addition, 1:58 scale 3D physical modelling was undertaken to assess the 
structural performance (armour stability and overtopping) of the proposed upgrade and reduction of seiche 
waves within the basin. During physical modelling long waves (seiche) were generated using short wave 
spectra, matching the 60s–700s period long waves (seiche) measured historically in the harbour by MHL 
between 1970 and 1990.  
 
Coffs Harbour has been shown to have a high level of historical long wave activity. Ship movement data 
collected from 1948 at Coffs Harbour jetty indicate up to 40 days annually of extensive ship movement due to 
long wave activity, including during relatively low (Hs<2.5m) and relatively high (Hs>5.0m) offshore wave 
conditions. Furthermore, analysis on 1970–1990 data has indicated the presence of long waves with periods 
between 60s–712s. While the spectral-wave modelling suite does not allow for long wave (seiche) generation, 
it is envisaged that the height and frequency of these waves would influence initiation of sediment movement.  
 
This paper presents empirical calculations to indicate the influence of long waves (>25s) on sediment transport 
modelling utilising the results of physical model simulation of long waves and numerical simulation of sediment 
transport by swell (<25s) waves.  
 
Keywords:  Dean Number, Initiation of sediment movement, Seiche  
 
1. Introduction 
Coffs Harbour is situated on the mid north coast of 
New South Wales approximately 600 kilometres 
north of Sydney. The Coffs Harbour boat ramp is 
located in a small basin on the southern side of the 
harbour (Figure 1). Since the original boat ramp and 
basin was constructed in the mid-1970s there is a 
history of reports by mariners of difficulties 
launching and retrieving boats and navigating 
vessels in the entrance channel to the boat ramp. 
Following construction, the boat ramp basin 
regularly suffered from long wave oscillations, and 
operational difficulties were also experienced in the 
vicinity of the boat ramp due to sedimentation. 
Following regular boating safety incidents, in 
particular over the 2018 Easter holiday period, 
where over a dozen boats were washed onto rocks 
at the entrance to the boat ramp basin, safety and 
congestion issues have been identified by the 
committee to be addressed as a priority. Coffs 
Harbour City Council (CHCC) requested that Manly 
Hydraulics Laboratory (MHL) investigate the 
influence three proposed breakwater extensions of 
40m, 60m and 75m have on sedimentation in the 
vicinity of the boat ramp entrance. Figure 1 indicates 
sediment pathways and quantities that have 
resulted from historical analysis. The sediment 
movement toward the boat ramp entrance was 
estimated to be 4,000 m3/year. 

 

Figure 1  Established sediment pathways in Coffs 
Harbour (MHL2784) 
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2. Historic field measurement of long waves 
that cause seiche in Coffs Harbour 

Figure 2 provides an indication of the high 
occurrence of long waves resulting in ship mooring 
problems at the jetty over a 12-year period. Tables 
1 and 2 provide a history of long wave measurement 
in Coffs Harbour.  

 

 

Figure 2  Monthly totals (days) of mooring problems due 
to long waves (1948–1959) (MHL186)  

Table 1  Long wave measurement history at Coffs 
Harbour (source: DWAVE archive) 

Site Instrument 
Water 
depth 

(m) 

First 
date/ 
Last 
date 

Record 
length 
(yrs) 

Data 
capture 

(%) 

Coffs 
Jetty 

Electronic 
wave staff 

7 5/11/86–
15/1/96 

9.2 83.7 

Coffs 
Inner 
Harbour 

Electronic 
wave staff 

4 16/1/96–
8/10/11 

15.74 83.8 

 
A sample of the highest long waves measured 
during 1988–1992 is provided in Table 2. Although 
these two locations of historic measurement are not 
in close proximity to the boat ramp they provide 
evidence for seiche in the whole of the harbour.  

Table 2  Highest long waves measured at Coffs Harbour 
Jetty during 1988–92 (source: DWAVE archive MHL) 

Date/Time 
HS 

(m) 
HMAX 

(m) 
Tp1* 

(s) 
Tp2** 

(s) 

9/02/1988 22:00 0.53 0.99 712 98 

15/05/1990 18:00 0.49 0.82 712 109 

15/05/1990 22:00 0.46 0.84 712 138 

16/05/1990 4:00 0.42 0.82 712 109 

26/04/1989 8:00 0.40 0.62 712 62 

23/10/1992 18:00 0.49 0.94 109 66 

9/03/1988 22:00 0.48 0.91 109 138 

10/02/1988 0:00 0.48 0.77 109 138 

22/10/1992 16:00 0.47 0.88 109 62 

15/05/1990 20:00 0.46 0.84 109 712 

*peak energy period ** secondary peak energy peak period 

 
Table 2 also indicates that seiche periods of 
approximately 712s, 138s, 109s, 66s and 62s were 
detected inside Coffs Harbour (depending on the 
parameters of the Fast Fourier Transform). The 
length of record is approximately 50 minutes. These 
700s waves are also mentioned in a published 

paper [8], where the coincidence between storm 
waves (Hs>4.0m) measured offshore of Coffs 
Harbour and high long waves (Hmax>0.6m) inside 
the harbour was noted. However, it was also noted 
in this that on several days high long wave activity 
was recorded when no offshore storm waves 
(Hs<3m) were recorded. 
 
3. Long wave forcing mechanisms in Coffs 

Harbour and long wave measurement in 
physical model 

Bowers [2] used a Stokes expansion to obtain a 
relationship relating the significant height of a 
measured long wave (Hsl) to the forcing mechanism 
generating the long wave. 
 
Two methods were utilised to measure long waves 
in the 3D physical model: (1) Runup along the boat 
ramp, clearly indicating the seiche period, and (2) 
water level measurement resulting in Fourier 
spectra clearly indicating the creation of long waves 
from short wave spectra.  
 
If the long waves at the site are more bounded 
wave-group dominated then it could be assumed 
that Hsl ~(HsTp)2, whereas surf beats with unbroken 
grouped waves reflecting off Jetty Beach are more 
likely to be ~(HsTp). Figure 3 indicates that the 
forcing function for seiche generated in the boat 
ramp basin in the physical model most likely would 
be due to surf beat (Hsl~(HsTp) generated by 
grouped waves reflecting off Jetty Beach during 
non-storm conditions and group bounded waves 
(Hsl~(HsTp)2) during storm conditions. However, 
more investigation would have to be carried out on 
this aspect of seiche generation within the harbour 
to provide a more definitive understanding of long 
wave activity. 
 

 
Figure 3  Relationship of long wave height (Hsl) 
and surf beat and bounded long waves [7} 
 
4. Sediment transport mechanisms on Jetty 

Beach  
The previous studies on sediment transport in and 
around Coffs Harbour outlined in Section 1 estimate 
the current rate of subaerial accretion of Jetty Beach 
is around 1.1 m/year. This accretion is the result of 
approximately 2,000 m3/year of sand accumulating 
on the subaerial beach and in excess of 
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3,000 m3/year of sand being deposited immediately 
offshore of the beach (MHL 2015). Based on the 
previous studies outlined in Section 1, the current 
understanding of the sediment transport budget 
within Coffs Harbour and Jetty Beach is provided in 
Figure 1. 
 
The dynamics and long-term accretion of Jetty 
Beach since 1942 can be observed using the Office 
of Environment and Heritage (now Department of 
Planning, Industry and Environment) NSW Beach 
Profile Database. The database utilises extensive 
aerial imagery data acquired by the NSW 
Government and comprises over 10,000 survey 
transects along the NSW sandy beach coastline, 
dating back to the 1930s at some locations. Using 
stereo-photogrammetric techniques the aerial 
photography has been processed into profiles along 
the NSW coast. Representative transects along the 
beaches are typically at a spacing of 20 to 200 m 
with transect location kept constant across survey 
dates. Point density along the transects varies but 
is typically from 10 to 20 points per profile. 
 
The location of three selected profiles from the NSW 
Beach Profile Database along the length of Jetty 
Beach are shown on Figure 4 and the beach profiles 
presented in Figure 5a–c (the northernmost, centre  
and southernmost profiles of the beach). The 
seaward progression of Jetty Beach, particularly 
since the 1973 and 1977 profiles, is clearly evident 
in all beach profiles. No trends in alongshore 
transport was detected from the profiles. Also the 
available bathymetry did not indicate that the beach 
was barred, although bars may have formed after 
significant wave events. 
 
Any extension of the boat ramp entrance 
breakwater will interrupt the existing sediment 
transport pathway along the Coffs Harbour southern 
shoreline. In addition, the wave climate in the lee of 
a longer breakwater and the southern end of Jetty 
Beach will be modified, potentially resulting in 
change of the rate of sand deposition on the beach 
and a realignment of the southern section of Jetty 
Beach. The sediment transport modelling 
undertaken assessed such changes to the sediment 
dynamics and any potential impact on Jetty Beach. 

 
Figure 4  Transects used for jetty beach profiles 
measured from 1941 to 2019 (MHL 2784) 

 

 

 

Figures 5a–5c  Cross-sections at Jetty Beach – 
northern, central and southern profiles of Jetty Beach 
(MHL2784) 

 
5. Modelling and measurement of long 

waves in the vicinity of the boat ramp and 
Jetty Beach 

Two almost identical 3D models were built in 2015 
and 2020 at a scale of 1:58 in order to investigate 
the simulated long wave and short  wave  conditions 
in the harbour (Figure 6a) and in the environs of the 
boat ramp and proposed breakwater extensions 
(Figure 6b). Table 3 provides example of wave 
heights and periods measured when a 1 year ARI 
wave event is simulated. The historical field 
measurements are well represented in this 
simulation as indicated in Table 3.  
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5.1 Basin layout, model scales and test 
objectives 

 

 

Figure 6a  2015, 1:58 3D physical model, long wave 
model. Basin layout indicating probe positions and 
planform extension. The probe position 5 was varied to 
accommodate the possible 15m, 30m and 50m boat 
ramp breakwater extensions. Probe 6 is at boat ramp. 

 

Figure 6b  2020,1:58 3D physical model[8], long wave 
model. Basin layout indicating probe positions and 
planform extension. The probe position 5 was varied to 
accommodate the possible 40m, 60m and 75m boat 
ramp breakwater extensions. Probe 6 is at boat ramp. 

Table 3  Probe measurements for 75m breakwater 
extension with 20m hook and dredged sediment sink. 
0.0m AHD water level 1-year ARI wave at entrance [8] 

Probe 
no. 

Probe  
location 

Measured parameters 

Hs (m) Tp (s) 

1 
Coffs Harbour 
entrance offshore 

4.16 11.77 

3 
Coffs Harbour 
Jetty 

0.82 312 

4 
Lee of eastern 
breakwater 

1.33 14.5 

5 
Boat ramp basin 
entrance 

1.50 12.5 

7 
Coffs Harbour 
entrance inshore 

3.86 11.5 

8 
Middle of dredged 
sediment sink 

0.62 78 

10 
Middle of boat 
ramp basin 

0.08 624 

11 
Boat ramp basin 
entrance channel 

0.17 624 

12 
Lee of existing 
breakwater 

0.26 125 

13 
Harbour east of 
boat ramp basin 

1.15 125 

16 
Lee of hook of 
75 m extension 

0.37 125 

 
6. Sediment sampling at Jetty Beach and at 

the boat ramp 
A set of sediment samples was obtained from 17 
locations indicated in Figure 7 to provide data for the 
numerical model. In general, the particle distribution 
analysis showed little variation between the 
samples, with the effective grain size (D10) ranging 
from 0.10 mm to 0.15 mm with a median grain size 
(D50) between 0.170 mm and 0.275 mm.  
 

 

Figure 7  Coffs Harbour sediment sample locations 
(MHL2784) 
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7. Sediment transport modelling to 
investigate 40m, 60m and 75m 
extensions to boat ramp breakwater 

This study (MHL2784) undertook sediment 
transport modelling to examine the effects of a 
proposed 40m, 60m and 75m extension to the boat 
ramp basin breakwater on shoal formation and 
channel sedimentation near the boat ramp basin 
and impacts on Jetty Beach. DHI’s industry-
recognised MIKE21 software packages were 
utilised to model wave, currents and sediment 
transport. The literature [1] cites case studies where 
suspended sediment transport by long waves 
exceeds transport by mean flow by a factor of two 
or more. The phase averaged modelling using DHI 
SW does not account for the influence of long waves 
on sediment transport. The DHI BW model which 
does account for long wave behaviour could not be 
utilised due to the length scales of the wave 
absorbing sponges in a relatively small sized 
harbour model. 
 
The modelling indicates that extension of the boat 
ramp basin breakwater would create a lee (Figure 
8), thereby reducing onshore transport of sediment 
westwards of the boat ramp basin. The annual 
reduction of onshore transport to Jetty Beach along 
the southern 80 m length of the beach was 
estimated to be 45% for a 75 m breakwater 
extension (approximately 7,000 m3), 30% for a 60 m 
breakwater extension (approximately 4,500 m3) and 
a 5% increase of accretion for a 40 m breakwater 
extension (approximately 900 m3). 
 

 
Figure 8a  Transport rate results 

 

 

Figure 8b  Daily accretion results for Jetty Beach 
(MHL2784) for 40m,60m and 75m extensions 

 
8. Dean number and initiation of sediment 

movement calculations for swell and long 
waves in the vicinity of boat ramp  

The Dean Number (being the ratio of a particle 
settling time to the wave period) can be used as an 
indicator for the direction of sediment flux. The Dean 
number (D) is given by 

D = 
Hs 

      wsTP 

 

where: =ws  =particle settling velocity,  
TP,  =peak period, Hs =wave height 

 
Dean and Dalley [2] showed that suspended 

sediment transport was onshore when D<1/2  
suggesting that the sediment flux should be onshore 
when D<1.67 and offshore when D>1.67. There is 
also a relationship between suspended sediment 
and wave groups [5] which was not investigated in 
this analysis. However, the relation between the 
measured range of long waves orbital velocities for 
seiche and swell for the physical modelling and the 
numerical model are indicated in Table 4 (a and b). 
They indicate large discrepancies as do the 
discrepancies in Dean numbers indicating initiation 
of sediment movement may have been greater than 
was simulated by the numerical model  
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Table 4(a)  Comparison of Dean number for swell and 
seiche waves for physical (PM) and numerical (NM) 
model  

Location/probe 
Tp 
(s) 

Ws 
(m/s) 

D  
(Dean no.) 

Jetty/3 (PM) 312 .025 >.03 

Jetty/3 (NM) 10 .025 2.12 

East of Boat Basin/ 5 
(PM) 

125 .018 >.03 

East of Boat Basin/ 5 
(NM) 

10 .018 2.44 

Inside Boat Basin/ 6 
(PM) 

624 .021 >.03 

Inside Boat Basin/ 6 
(NM) 

10 .021 0.065 

 

Table 4(b)  Comparison of Bottom Velocity for swell and 
seiche waves for physical (PM) and numerical (NM) 
model  

Location/probe 
Tp 
(s) 

Wave 
Theory 

Bottom 
velocity 
(m/s) 

Jetty/3 (PM) 312 
Solitary 
Wave 

1.42 

Jetty/3 (NM) 10 
Stream 

Function 
0.77 

East of Boat Basin/  
5 (PM) 

125 
Solitary 
Wave 

2.36 

East of Boat Basin/  
5 (NM) 

10 
Stream 
function 

1.00 

Inside Boat Basin/  
6 (PM) 

624 
Solitary 
Wave 

0.42 

Inside Boat Basin/  
6 (NM) 

10 Linear 0.032 

 
 
9. Some published data relating to onshore/ 

offshore transport due to long and swell 
waves   

 
Figure 10, published by Kularatne and Pattiarachi, 
is presented to demonstrate the influence of IG 
waves on sediment transport direction. The phase 
lag between u and c (Figure 10d) was a direct 
indicator of the direction of cross-shore sediment 
flux. Flux was onshore if the phase lag was between 
±90° and offshore if the phase lag is outside ±90°. 
At the swell and the first harmonic of the swell 
frequency band, the phase lag was less than 90°, 
leading to onshore flux, whereas at infragravity 
frequencies, the phase lag was greater than 90°, 
resulting in offshore flux. The phase spectrum at the 
major frequency components (Figure 10d) showed 
that the magnitude and direction of the co-spectral 
peaks at all of the three major frequency 
components were statistically significant (Figure 
10d). 
 

The cross-spectrum between u and c illustrated the 
gross sediment flux rates in the frequency domain 
(Figure 10e); strong coherence between u and c 
was observed at swell and infragravity frequencies, 
as well as the first harmonic of the swell waves 
(Figure 10f). Instrumentation to measure similar 
outputs would provide outcomes to indicate the 
degree of error in sediment transport estimates that 
do not take into consideration the influence of long 
period waves on the existing swell wave conditions.  
 

 

Figure 10  compares the Dean number for swell and 
long waves for measured wave statistics in the model 
(source Pattiarachi and Kularatne, UWA, 2014) 

10. Proposed southern precinct development 
and ramifications for sediment transport 
and dredging within the harbour   

The original boat harbour 3D physical model was 
further extended to investigate future development 
scenarios as indicated in Figure 11. 
 

 

Figure 11 indicates future proposed development 
scenarios [7].  

 
The 1:58 model (MHL2391) indicated the continued 
presence of seiche waves. Hence it would be 
prudent to further investigate the influence of long 
waves on sediment transport to optimise layout and 
minimise dredging maintenance costs. 
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11. Discussion. 

• Historic field data collected at Coffs Harbour for 
a decade indicates that  bounded waves caused 
by high offshore waves and surf beat or edge 
waves resulting from smaller wave groups 
reflecting off Jetty Beach may result in seiche 
periods of 120s–624s within the boat harbour. 

• Water level conditions at 0.0m AHD and 0.8m 
AHD were tested with 12s–15s Jonswap 
spectra which included the offshore conditions 
recorded in June 2012 and September 2014 at 
which time a 125s seiche was observed in the 
boat ramp harbour and was used to verify the 
model. The model was undistorted and the 
scale was 1:58. 

• Sediment collection in the surf zone and swash 
zone of the boat harbour and jetty beach 
environs indicated that all sediments sampled 
were in the range 0.17 mm and 0.28mm and 
prone to transport as suspended sediment  

• Basic empirical calculations based on fall 
velocity and initiation of movement indicate that 
long wave sediment transport may have 
significant influence on proposed future 
development of the Coffs Harbour Southern 
precinct. 

• Although the current numerical modelling 
indicated 45% reduction in onshore transport for 
a 75m extension of the boat ramp breakwater 
bathymetric surveys at regular intervals are to 
be carried to ensure that the neglect of long 
wave influence has not influenced the modelling 
estimates. 

• Future development proposed for the southern 
precinct should take into consideration the 
associated alterations to long behaviour 
observed in the physical model. Also most 
probably the use of XBEACH instead of the ST 
model may have simulated sediment transport 
modelling due to  seiche wave more accurately. 
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Abstract 
Armour stone grading is an important part of understanding the hydraulic stability of coastal structures but 
often rely on manual measurement techniques which can be costly and time-consuming. High resolution and 
cost-effective aerial imagery combined with recent advancements of deep learning techniques has enabled 
great progress on this problem. However current automated methods require large training datasets that range 
from manual labelling to customised image transformations with defined parameters, which do not generalise 
well to the different types of aerial images of stones that are captured in coastal structures. 
 
Here we introduce a deep learning-based image segmentation tool called StoneID that was trained on highly 
varied images of cell bodies, membranes and nuclei, from medical science applications. By taking advantage 
of the freely available pre-trained models, it was found that the highly diverse shapes of cells translate very 
well to armour stones and allow the segmentation of individual stones on a coastal structure with a high degree 
of accuracy. 
 
Keywords: coastal structures, armour stone grading, deep learning, machine learning 
 
1. Introduction 
 
Armour stone grading is fundamental in the design 
of hydraulic civil engineering works such as coastal 
revetments, breakwaters, and sea-wall protection 
structures and for understanding the stability of 
existing structures that may have deteriorated over 
time [1]. The conventional method of surveying 
armour stone structures is manual measurements 
which can be easily accomplished when the number 
of stones to be surveyed are limited, very large and 
sufficiently separated from one another, but this can 
be time-consuming and costly when stones are 
small and tightly packed. Accessibility to high 
resolution aerial imagery opens the possibility of 
applying automated methods for analysing larger 
areas quickly with increased reproducibility [2]. 
Currently available automated methods of armour 
stone grading, typically applied to quarry product, 
employ statistical methods such as watershed 
analysis that produce highly variable and subjective 
results particularly in the presence of poor lighting 
and shadowing [4]. 
 
Modern deep learning advances have enabled 
great progress on automated image segmentation 
and therefore has the potential to be a valuable tool 
in coastal science and engineering. However deep 
learning segmentation requires large training of 
varied datasets that range from manual labelling to 
building customised image transformations and 
manipulations with defined input parameters [5-7]. 
This process can be time-consuming and typically 
do not generalise well to different types of aerial 
images that may be captured without large training 
datasets. This limitation led to the development of a 
tool named StoneID, that could take advantage of 
large training datasets from medical science 

applications based on a wide variety of images of 
cell bodies, membranes and nuclei, freely available 
from many different laboratories. Recent algorithms 
in the context of cell segmentations were based on 
established algorithms such as Mask R-CNN 
model, Startdist and nucleAIzer [8-11]. However, a 
more recent method of cell nuclei segmentation 
based on the U-Net CNN architecture proved highly 
effective without requiring a large training dataset 
[12]. 
 
In this work, we apply a previously trained model 
based on U-Net CNN architecture to aerial images 
of rubble mound armour structures. We next show 
performance benchmarks on a rock armoured 
revetment with comparison to manual tracing and 
survey of armour stones. The StoneID tool is 
implemented in Python 3 using open-source 
packages. 
 
StoneID promises to provide a highly adaptable, 
cost- and time- efficient analysis tool for estimating 
armour layer gradings for coastal structures.  The 
potential applications range from quality checking of 
armour stone stockpiles during the construction 
phase of a structure, post-construction verification 
of armour layer grading, condition assessments of 
existing structures and identification of armour 
stones for reuse in rectification works. 
 
2. Machine Learning Methodology and 

Application to Armour Stone Grading 
 
The pre-trained model adopted within StoneID uses 
the U-Net architecture that was trained on over 600 
highly varied images of cells and nuclei. This 
method down-samples the input image reducing the 
dimensionality several times before up-sampling in 
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a similar fashion. The U-Net architecture is not a 
focus of this paper, but as discussed in detail in 
paper [12], the neural network was trained to predict 
the horizontal and vertical spatial gradients through 
a process known as gradient tracking. It should also 
be noted that the images in the trained model were 
initially scaled to have a similar cell sizes across all 
images. 
 
Using this pre-trained model, we input the aerial 
imagery to extract individual labelled masks for 
each segmented stone. A confidence of 
segmentation is also provided with each mask. An 
example StoneID segmentation is shown in Figure 
1. 
 

 
Figure 1. Example stone segmentation from StoneID with 
the predicted masks shown as red lines 

 
The area of each labelled stone is then calculated 
by summing the number of pixels in a label, 
multiplied by the resolution of the image. The 
dimensions of a stone are determined by minimising 
the area of a bounding rotated rectangle as shown 
in Figure 2 (bottom). The angle of the rotation of the 
bounding rectangle is defined as the major axis of 
the stone.  
 

 
Figure 2. Example of two segmented stones. Top: 
Removed edge stone (red) as cut-off by the image extent 
and a valid stone (green). Bottom: Stone enclosed by a 
rotated rectangle with a minimum area. 

From these stone masks, we can then extract many 
properties of shape and size of individual stones 
present in the aerial image. This includes: 

• Total number of stones 
• The maximum and minimum dimension of 

a stone along the major axes 
• Aspect ratio, defined as the maximum 

dimension divided by the minimum 
dimension 

• Blockiness of stones 
• Estimates of the stone volume and mass 

based on the extracted size and shape 
values  

• Diameter of stones, calculated as the cube 
root of the estimated stone volume or 
volume of equivalent cube (nominal 
diameter). 

 
From the above information, collected for all visible 
armour stones within an image, grading curves can 
be developed to provide estimates of the D15, D50 
and D85 values that are typically used for coastal 
engineering design tasks (example shown in Figure 
3). 
 

 
Figure 3. Example of grading curve (red) developed from 
the aerial image presented in Figure 1, with D15, D50 and 
D85 values. Histogram (blue) shows the count of individual 
stone diameters. 

For an accurate count of ‘whole’ armour stones, and 
in order to not bias the grading curve by the 
inclusion of partial stones, the edge stones that are 
cut-off by the image are discarded by calculating the 
number of pixels at the edge of the image as shown 
in Figure 2 (top). If the number of pixels at the edge 
exceeded a certain threshold specified by the user, 
the labelled stone is discarded.  
 
3. Performance of the StoneID tool 
 
The suitability of the deep learning approach and 
the accuracy of the segmentation algorithm is an 
area of ongoing development however early 
applications have produced encouraging results. 
Survey and design grading information was 
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available for a revetment structure located in a 
macro-tidal, low wave climate location in North West 
Australia. The structure is designed as a rock 
armoured revetment consisting of a 750 to 1000mm 
thick armour layer, with a D50 size of between 0.31 
and 0.47 m depending on the vertical position on the 
revetment and associated exposure to hydraulic 
forcing. The design grading ratio (D85/D15) was 1.5; 
that is, a well graded rip-rap armour layer [13]. 
 
At this site, the accuracy of StoneID was 
benchmarked against manual measurements of 
individual armour stones. This aimed to compare 
the predicted mask from StoneID against both in-
situ 3D measurements (completed by hand survey) 
and against manual tracing of armour stones (from 
GIS analysis of the aerial imagery). Aerial images of 
the revetment were captured at 2 cm resolution. At 
the same time as the image capture, a number of 
stones were surveyed by hand and were identified 
(using the survey coordinates) on the aerial images 
and subsequently the edge of each stone was 
manually traced in GIS. 
 
As a first verification, a total of 19 stones of different 
sizing were measured on the structure, both by 
hand along three orthogonal axes (width, length and 
height) and by manual tracing in GIS along two 
orthogonal axes (width, length). The nominal 
diameter, defined as diameter of an equivalent area 
(for two-dimensional data) and volume (for three-
dimensional data) [14] and aspect ratio were used 
to compare with StoneID. A comparison of the 
nominal diameter and aspect ratios from the survey 
(calculated from the estimated stone volume) 
against both StoneID and manual tracing methods 
are presented in Figure 4. 

 
These comparisons indicate that the nominal 
diameter from the StoneID and GIS tracing methods 
are highly correlated to the manual survey results 
however are approximately 10% larger. The 
differences are likely attributed to the nature of the 
image analysis methods that only map one (visible) 
surface of the stone, with the third dimension not 
being captured, as well as the assumed blockiness 
of the surveyed stones.   
 
The estimated aspect ratios are comparable, noting 
that the likely smaller dimension is not captured by 
the two-dimensional image analysis techniques and 
hence estimated aspect ratios from those methods 
are generally lower than the surveyed stones. As 
demonstrated in the following case studies the 
image segmentation is able to accurately identify 
armour stone with large aspect ratios, hence the 
discrepancy between the model and measured 
aspect ratios is considered an artifact of the two-
dimensional analysis.  
 
The extrapolation of two-dimensional plan results 
(from the visible surface captured by the aerial 
image) to three-dimensional estimates of stone size 
is an area of active development currently being 
pursued within StoneID. 
 
A second benchmarking test was then performed to 
assess the grading estimate outcomes of StoneID. 
For this validation, all armour stones within a test 
area (measuring 4 x 30m) were traced in GIS as 
shown in Figure 5. The effective diameter was then 
calculated. 
 

 

  
Figure 4. Comparison of effective rock diameter and rock aspect ratio between survey and image analsis techniques 
(including StoneID and GIS tracing method). 
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Figure 5. Masked armour stone from manual tracing 
within the test area, divided by the upper and lower 
revetments. 

 
The upper and lower revetment were individually 
analysed for armour stone grading, with the upper 
and lower revetment consisting of different armour 
specifications. The same test area was then 
analysed with StoneID separately for the upper and 
lower sections as presented in Figure 6. StoneID 
produces colour coded masks, with colour based on 
stone sizes, showing blue as the smallest, and red 
as the largest stone. 
 

 
Figure 6. Armour stone masks from StoneID within the 
test area. Top: Upper revetment (smaller armour size). 
Bottom: Lower revetment (larger armour size). 

Figure 7. Armour stone grading curves for the test area. Left: upper revetment. Right: Lower revetment. Upper: 
Manual Tracing. Lower: StoneID 
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The armour grading curves for the upper and lower 
revetment are presented in Figure 7, with the results 
showing good agreement between StoneID and the 
manual tracing method. The armour stone grading 
curves are presented as the percentage of the total 
sample, by mass, less than the nominal stone 
diameter. For example, 50% of the total mass of the 
sample is comprised of stones the are smaller than 
D50. The resulting D50 values agree between the 
methods, with StoneID producing a slightly 
narrower grading ratio (D85/D15) as a result of under-
representation of the smallest stones and over-
segmentation of the largest stones, as discussed 
below. 
 
 
It is noted that the accuracy of StoneID is dependent 
on the quality and resolution of the input imagery. 
While aerial imagery can capture revetments at high 
spatial resolution, in the context of the smaller 
armour stones, not all armour stones are 
segmented. As a rule of thumb, the higher the image 
resolution, the better the quality of the segmentation 
and consequently classification and masking 
results.  The quality of the segmentation can be 
greatly influenced by the input image noise, 
unwanted artifacts, shape distortions and object 
contrasts [3]. It is therefore important that the aerial 
images be free from radial distortions and non-
uniform scaling and must have a known pixel 
resolution.   
 
In general, the pixel resolution must be at least 10 
times greater than the smallest stone size of 
interest. In addition, there is an inherent limitation of 
the training dataset used by StoneID, in that the tool 
was trained on images of cells with similar cell sizes. 
As part of the process, the input aerial images are 
scaled to the trained model and the segmentation 
algorithm will look to identify ‘cells’ of a similar size. 
As a consequence, stones that are very small or 
very large, relative to the mean, are respectively 
bundled together or split during the segmentation by 
StoneID. 
 
Although difficult to define, these poor 
segmentations have a lower confidence of 
segmentation and usually occur when stones are 
approximately 4 times smaller or larger than the 
average surrounding stones.  It is noted however 
that this is typically outside the normal range of 
design gradings for coastal structures and is not 
considered a significant impediment to the use of 
the tool for the analysis of such structures.  
 
3.1 Robustness of the Segmentation 
 
As discussed above, the quality of the segmentation 
is greatly influenced by the input image noise, 
unwanted artifacts, shape distortions and light 

contrasts. However, as demonstrated over a 
number of applications, StoneID is able to filter out 
unwanted debris such as tree branches, and 
additionally performs well when segmenting stones 
affected by shadows. 
 
3.1.1 Stone Shape 
 
StoneID is able to segment a highly diverse range 
of armour stones shapes. Square and high aspect 
ratio stones are easily segmented. An example of a 
StoneID segmentation of blocky stones on a porous 
dike is presented in Figure 8.  
 
 

 
Figure 6. An example of StoneID segmentation with 
square and blocky stone shapes. 

It was found that StoneID performed better with 
stones of low aspect ratio, with elongated stones of 
extremely high aspect ratios not segmented with 
high confidence. This is not necessarily a 
disadvantage for application on coastal structures 
as extremely elongated shapes are often 
associated with unwanted debris captured in the 
aerial image such as floating wood and tree 
branches. 
 
3.1.2 Lighting and Shadows 
 
As mentioned previously, large contrasting because 
of sunlight and shadowing effects in aerial images 
can often produce incorrect segmentation. In the 
case of StoneID, moderate effects from shadows do 
not appear to negatively affect the segmentation. 
Furthermore, StoneID is relatively robust in 
segmenting armour stones that pass directly 
through light and shadow (as can be seen in the 
example shown in Figure 9). However, significant 
contrast between light and shadow can result in the 
segmentation to incorrectly identify the one stone as 
two stones, split at the edge of the contrast.  
 
Therefore, although it is preferred for aerial images 
to be free of shadows (by considering the time of 
day or cloud coverage at time of capture), the 
robustness of the tool in the presence shadowing 
means that specific image capture for the purposes 
of a grading analysis may not be necessary where 
imagery already exists, even when impacted by 
high contrast features and shadowing. 
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Figure 7. Example of StoneID segmentation with the 
presence of significant shadows. The segmentation by 
StoneID is only moderately affected by the multiple cast 
shadows on the stones. 

 
3.1.3 Debris Filtering 
 
As noted in Section 3.1.1, very large aspect ratio 
stones that are highly elongated are not easily 
segmented by StoneID with high confidence. The 
resulting confidence of segmentation from the tool 
can be used to filter out objects with low confidence 
measures, thereby removing objects that do not 
match the expected characteristic of the armour 
stones.  Furthermore, features such as straight 
edges, conspicuous shapes and colours can also 
assist in identifying unwanted debris and be filtered 
out. An example from a lake shoreline structure in 
Washington USA, is shown in Figure 10. The 
StoneID analysis was completed to identify armour 
stones on the existing structure that would be 
suitable for reuse in upgrading and refurbishment of 
the structure, however the view of parts of the 
structure was impeded by the presence of a high 
amount of debris.   

 
Figure 8. Example StoneID segmented image with tree 
branches and other debris filtered out. 

The application was successful in filtering out non-
armour stone objects and clearly identified larger 
armour stones on the structure.  From this, a count 
and grading summary of suitable armour stones 
were produced for subsequent design tasks. 
 
4. Conclusion and Future Work 
 
In this paper, the stone segmentation tool StoneID 
is introduced, a machine learning tool that can 
segment different types of armour stones from 
aerial imagery without requiring explicit training 
data. By taking advantage of the abundance of 
freely available pre-trained models, it was found that 
the highly diverse shapes of cells from medical 
science applications translate well to armour 
stones. StoneID has developed methods to 
accurately count and extract useful parameters of 
armour stones and create armour layer grading 
curves. It was also demonstrated that StoneID is a 
flexible and robust tool for correctly identifying 
armour stones of differing shapes and in the 
presence of obstructions such as debris and 
shadowing from surrounding objects. 
 
A notable limitation of the current segmentation 
method is the fact it is completed on a plan image 
(that is, in two-dimensions).  Validation completed 
to date suggests this will impact on the accuracy of 
the analysis, particularly for estimated stone shape 
(aspect ratio), as the three-dimensional size and 
shape must be predicted based on the visible 
surface of the structure and design guidance for 
armour layers of rubble mound structures [13, 15].    
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While StoneID was initially developed using pre-
trained models from medical science applications, 
an active area of development includes retraining 
the model using armour stone data to further 
improve the segmentations.  Machine learning 
methods to predict the three-dimensional shape of 
an armour stone from an aerial image are also being 
pursued to improve the performance of StoneID. 
 
Altogether the application and validation of deep 
learning-based image segmentation on a series of 
existing coastal structures has found it to be a highly 
adaptable and efficient tool that will have a wide 
range of potential applications for the design and 
assessment of coastal structures.  
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Abstract 
Thames Coromandel District Council (TCDC) began the development of Shoreline Management Plans (SMPs) 
in 2019 – Te Ara Tapātai o Hinekirikiri, Tīkapa Moana-Te Tara-o-Te Ika-aMāui. SMPs provide an assessment 
of the risks associated with coastal change and community adaptation plans to address them. Their aim is to 
establish a framework for the management of coastal hazards in the short and medium-term that is cognizant 
of the need to adapt in the long-term. SMPs are intended to reduce the risk from coastal hazards to an 
‘acceptable’ or ‘tolerable’ level; and develop tailored, flexible solutions to ensure long-term resilience.  
 
The aim of this paper is to illustrate the outcomes of the hazard and risk assessment process for the 
Coromandel Peninsula in locations that will be subject to significant coastal inundation and erosion over the 
next 20 to 100 years. The TCDC SMP project has made a distinction between its assessment of coastal 
hazards and subsequent approaches to assessing ‘exposure’, ‘vulnerability’, ‘consequence’ and ‘risk’. In doing 
this, it has assessed the predisposition of people and objects to be adversely affected due to exposure to 
coastal hazards. The severity of each type of coastal hazard has been calculated for a defined planning horizon 
and used to assess the vulnerability of assets, infrastructure, people and the environment, to give an indication 
of risk and risk acceptability based on ‘consequence’ rather than fixed time-based planning horizons. 
 
Coastal adaptation strategies are now being developed using risk-based dynamic adaptive pathways planning 
(DAPP). When combined with the values and objectives set by the community and iwi, this provides a more 
complete picture of risk and strategies for adaptation. On an individual basis it may be logical to anticipate 
infrastructure decisions based on changing exposure, but the interrelationship between infrastructure, 
community values and objects, against the backdrop of uncertainty, also needs to be considered. Appropriately 
balancing these and other variables is what an effective DAPP process needs to achieve. 
 
Keywords: asset management, coastal hazards, dynamic adaptive planning, risk assessment. 
 
1. Introduction  
The NZ Coastal Policy Statement 2010 [1] requires 
Councils’ to proactively manage coastal hazards 
over a 100-year timeframe. In response, in June 
and August 2018 respectively TCDC adopted the 
Thames Coromandel Coastal Management 
Strategy [2] and Coastal Hazards Policy [3] and, in 
April 2019, initiated the Thames Coromandel SMP 
project for its 400kms of crenulated coast – Te Ara 
Tapātai o Hinekirikiri, Tīkapa Moana-Te Tara-o-Te 
Ika-a-Māui. The aim of which was to establish a 
sustainable framework for the management of risks 
to people and property associated with coastal 
hazards. Addressing more immediate issues in light 
of how we may need to adapt in the longer term.  
 
SMPs should provide an assessment of the risks 
associated with coastal change and community 
adaptation plans to address them. Their aim is to 
establish a framework for the management of 
coastal hazards in the short and medium-term that 
is cognizant of the need to adapt in the long-term. 
 
SMPs are intended to reduce the risk from coastal 
hazards to an ‘acceptable’ or ‘tolerable’ level; and 
develop tailored, flexible solutions to ensure the 
long-term resilience of coastal areas. This should 
build from the aspirations and concerns of TCDC’s 

diverse communities, mātauranga Māori and the 
principles of kaitiakitanga.   
 
To do this SMPs need to first identify flood and 
erosion hazards and then define the (acceptable, 
tolerable and intolerable) risks associated with 
these hazards in order to decide how to manage this 
risk via the adoption and implementation of 
management policies.  
 
The aim of this paper is to illustrate the outcomes of 
the hazard and risk assessment process 
undertaken for the Coromandel Peninsula in 
locations that will be subject to significant coastal 
inundation and erosion over the next 20 to 100 
years.  
 
2. SMPs and DAPP 
The approach being taken for the SMP project 
aligns with the Ministry for the Environment’s (MfE) 
2017 guidance for local authorities [4] regarding the 
implementation of the NZ Coastal Policy Statement. 
This advocates the risk based dynamic adaptive 
pathways planning (DAPP) approach illustrated in 
Figure 1. Table 1 has been derived and adapted 
from the MfE’s DAPP approach for the project to 
illustrate the assessments inputs and outputs at 
each step and what these are influenced by (e.g., 
community values and objectives or data).  
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Figure 1  Dynamic Adaptive Pathways Planning (DAPP) Cycle (adapted from MfE, 2017 [4]). 

Table 1   DAPP – from Hazard to Risk Assessment and Management Options. 

Phase / Steps Inputs / Outputs Driven by 

What is happening? 

1 Coastal Hazard Assessment (erosion, 
inundation and instability) 

 First pass risk assessment 

 Second pass risk assessment 

Science 

What matters most? 

2 Set community values and coastal 
management objectives / define assets of 
value 

 District and Regional policy + plan 
objectives 

 Coastal defence assets inventory 

Community 
(through Coastal 
Panel discussions) 

3 Define vulnerability (the exposure and 
sensitivity of valued assets to a hazard) 

 CHA + Coastal defence condition 
assessment, over time 

Science 

4 Establish consequence / severity (for 
vulnerable assets) 

 Second pass risk assessment  

 Consequence tables (for different sea 
level rise (SLR) scenarios) 
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5 Define risk acceptability  acceptable – 
tolerable – unacceptable (taking account of 
adaptive capacity) 

 Consequence tables  

 Third pass risk assessment – defining 
management priorities and triggers 
for change 

Community 
(Coastal Panels) 

What can we do about it?  

6 Dynamic Adaptative Pathways Planning 

 development and evaluation of 
management options over time 

 Third pass risk assessment 

 SMPs / Community Adaptation Plans 

Science and 
Community 
(Coastal Panels) 

 
3. What is Happening? 
 
3.1 Scoping 
In February 2020 TCDC adopted the next steps and 
recommendations of the TCDC SMP Scoping 
Report [5]; scoping was Phase 1 of the project. In 
August 2020, the proposed TCDC Pare Hauraki co-
governance structure to guide and direct the SMP 
project was also adopted. This Committee of 
Council and the project is supported by a Technical 
Advisory Group (which includes Waikato Regional 
Council (WRC), Waka Kotahi and others as 
necessary) and advised by four Coastal Panels – 
analytic-deliberative advisory bodies made up of iwi, 
Community Board representatives, citizens, local 
business owners and other groups intended to 
provide a fair representative of relevant viewpoints. 
 
3.2 Coastal Hazard Assessment  
Informed by a first-pass risk assessment in the 
scoping phase, Phase 2 – Coastal Hazard 
Assessment – has been ongoing since November 
2019 and its outputs have been shared with the 
Coastal Panels and members of the public through 
community open days; following technical review by 
WRC and nominated peer reviewers. Coastal 
hazards mean coastal erosion, coastal inundation, 
tsunami risk and landslides (not fluvial, pluvial or 

groundwater flooding but, where possible, does 
consider their interactions in assessing the viability 
of adaptation options).  
 
This phase also included a study characterising the 
Coromandel Coastal Environment and the 
preparation of a Coastal Hazard Asset Inventory 
and an Adaptation Options Menu.  

 
4. What Matters Most? 
 
4.1 Values and Objectives 
Phase 3 encompassed the initiation of community 
deliberation on coastal management objectives, risk 
acceptability and adaptation pathways, through 
Coastal Panels.  
 
Figure 2 sets out the values expressed by the 
panels and public through a 2019/20 summer 
survey (with over 1000 respondents). The 
inundation mapping illustrated in Figure 3 was 
produced by modelling regional baseline conditions 
and three different (low, intermediate and high) 
IPCC representative concentration pathway (RPC) 
SLR scenarios for 2120, with a 1% annual 
exceedance probably (AEP) (a so-called 1 in 100-
year storm) storm tide, wave setup and wave runup. 

 

 
Figure 2   Coastal Panel and community values relating to the coastline of the Coromandel Peninsula. 
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Figure 3   Coastal inundation mapping for Thames.
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4.2 Exposure, Vulnerability, Value Domains 

and Consequence 
Based on the outputs of the hazard assessment, 
exposure, vulnerability, and consequence tables 
have been produced (see Figure 4) using agreed 
value domains (Figure 5). From these, a second-
pass risk assessment (Figure 6) was undertaken.  
 
The project aimed to make a clear distinction 
between its assessment of coastal hazards 
(‘likelihood’) and subsequent approaches to 
assessing ‘exposure’, ‘vulnerability’, and 
‘consequence’ or ‘risk’. In doing this it has assessed 
the predisposition of people and objects to be 
adversely affected due to exposure to coastal 
hazards. That is, the severity of each type of coastal 
hazard has been calculated for a defined planning 
horizon and used to assess the vulnerability of 
assets, infrastructure, people, and the environment, 
to give an indication of risk.  

For example, the severity of coastal inundation was 
predicted through inundation mapping (as shown in 
Figure 3) and a GIS-based overlay assessment of 
what would be exposed to that hazard and its 
vulnerability to it. The severity of coastal erosion 
was predicted using a probabilistic assessment of 
SLR, underlying coastal recession and a 1% AE 
storm event (combined in a Monte Carlo simulation) 
for 2020, 2040, 2070 and 2120, and a GIS-based 
assessment of what would be exposed, its 
vulnerability and the calculation of consequence 
(see Figure 5).  
 
The likelihood of landslides and tsunamis were 
assessed through slope risk analysis and desk-
based assessment of exposure.  From this, risks to 
structures (for example) were determined as being 
acceptable or not based on the ‘consequence’ to the 
structure rather than fixed time-based planning 

horizons.

 

Figure 4   Example inundation exposure, vulnerability, and consequence assessment for the Thames coast (2020 and 
2120 for a 1% annual exceedance probability (AEP) event under RCP 8.5+).  

Low 

A limited number or extent 
of built and/or 
environmental assets are 
exposed, or societal, 
cultural and economic 
assets/values have limited 
to no hazard exposure. 

Built environment: 1-2 dwellings; no (or limited) low value buildings; 
limited other low value assets and/or infrastructure are exposed. 
Natural environment: Limited habitat/natural environment exposed. 
Society and culture: Limited exposure of societal centres and 
cultural sites. 
Economy: Exposure of sites, infrastructure and assets of only low 
economic value. 

Vulnerability Definition 

Extreme 
Extremely likely to be adversely affected, because the value domains are sensitive to the given 
hazard and have a low capacity to adapt. 

Exposure  Definition Value Domains and Example Criteria 

Extreme 

The number or extent of 
built and/or environmental 
assets that are exposed to 
the hazard or the exposure 
of societal, cultural and 
economic assets/values in 
the area is extreme.  

Built environment: >15 dwellings; numerous other buildings or key 
buildings; large extent of arterial roads; key infrastructure exposed.   
Natural environment: Key habitats of national or regional importance 
adversely affected. 
Society and culture: Exposure of the majority or heart of a 
community; or exposure of a site of very high cultural value. 
Economy: Large areas of key economic centre exposed.  

598



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The Need for Infrastructure Adaptation at the Coast  
Sian John and Amon Martin 

 

Low 
Low likelihood of being adversely affected, because the value domains have a low sensitivity to 
the given hazard and have a high capacity to adapt. 

Consequence Definition 

Extreme 
Extreme impacts of heightened interest to Council and/or other stakeholders that need to be 
urgently addressed. May be of interest to regional partners or financial or insurance institutions. 

Minor 
Some minor impacts are predicted that could be addressed through local or regional management 
and adaptation processes. 

Figure 5   Example exposure, vulnerability and consequence value domains and definitions for ‘extreme’ and ‘low’ 
circumstances.  

 

Figure 6   Second-pass risk assessment: 2120 coastal erosion and inundation risk ratings for a 1% AEP event (RCP 8.5+).

5. What Can We Do About it? 
 
5.1 Options and Pathways 
Coastal adaptation strategies are now being 
developed using risk-based dynamic adaptive 
pathways planning. That is, viable management 

options (be prepared  no active intervention  

avoid  accommodate  protect  retreat) are 

being considered and evaluated for unique 
stretches of the coast (Policy Units, as shown in 
Figure 6) over different timeframes (the short-, 
medium- and long-term), as the risk profile changes. 
When combined with the values and objectives set 
by the community and iwi, this will provide a more 
complete picture of risk and inform strategies for 
adaptation (see Figure 7).  
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Figure 7   Options pathway analysis for the short term 
(ST), medium-term (MT) and long-term (LT); o represents 
triggers for change (Source: Infometrics). 

 
5.2 Asset Management and Pathway Triggers 
Changes in direction in an adaptation strategy can 
be determined by triggers, including cost. There are 
numerous drivers that dictate the cost of providing a 
service. But the biggest is often the level of service. 
A desirable level of service is frequently provided 
across integrated infrastructure activities, for 
example, flood protection, stormwater management 
and transport. However, whilst it may be acceptable 
for a road to act as a spillway with an AEP of 20%, 
this is unlikely to be adequate for more vulnerable 
infrastructure like buildings or even a Wastewater 
Treatment Plant. Understanding levels of service 
and the exposure and vulnerability of infrastructure, 
alongside community values and objectives, is an 
important part of the SMP process. To achieve this 
engaging with technical experts with site specific 
knowledge is important, as the drivers are both 
specific to the types of infrastructure and often the 
specific circumstances relating to individual 
infrastructure items or networks. 
 
Another key cost driver relates to timing, and this 
has a link to asset optimisation. There is uncertainty 
relating to how exposure profiles will change over 
time. But the adaptive options and pathways 
approach can help navigate through this. Part of this 
requires key infrastructure decisions to be identified 
alongside predicted changing exposure profiles. 
These decisions, like when to raise or relocate a 
State Highway, can help manage exposure. That is, 
the trigger for infrastructure exposure reduction may 
the be linked to infrastructure construction, renewal 
or significant maintenance, rather than just an 
increase in exposure and/or reduction in tolerability.  
 
Asset life cycles or the expected life of infrastructure 
is another consideration and, conversely, if the 
predicted exposure is expected to be acceptable for 
the full life of an asset, then the renewal or building 
of an asset in an area susceptible to future exposure 

may be appropriate. Deferred maintenance may 
also be a good approach for optimising costs if asset 
relocation is identified as an adaptation option.  
 
Another trigger that could link the need to replace 
an asset, the community’s exposure understanding 
and asset optimisation, may be a destructive hazard 
event. If an asset or infrastructure is significantly 
damaged by an event, this may be the best time to 
implement exposure reduction or managed retreat. 
However, this approach needs to be well singled 
early in the process, with by-in from various parties, 
as public and political expectations are often for a 
repair, reinstate and protect response.  
 
On an individual basis it may be logical to anticipate 
infrastructure decisions based on changing 
exposure, but the interrelationship between 
infrastructure, community values and objects, 
against the backdrop of uncertainty, also needs to 
be considered. Appropriately balancing these and 
other variables is what an effective DAPP process 
needs to achieve.  
 
6. How Do We Get It Done? 
The final output from the project will be a non-
statutory policy document that forms an important 
part of TCDC’s strategy for coastal hazard 
management. Appropriate policies and, from these, 
asset management and adaptation plans will be 
derived for different, unique stretches of the 
Coromandel coast (Policy Units) based on iwi and 
community values; that reflect the need to respond 
and adapt to change. The intent of the SMPs can be 
secured by TCDC and WRC through the adoption 
and recognition SMPs in their planning policy. 
  
7. Is it Working? 
The conclusion of the project will be the delivery of 
the SMP and Community Action Plans that set out 
how adaptation is to be achieved. This is not, 
however, the end of the process. It is essential that 
change is monitored (i.e., rates of SLR and erosion, 
the frequency of inundation etc.) to determine if and 
when adaptation trigger points are reached and the 
pathway that is most appropriate, into the future. 
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Abstract 
Wellington’s Pipitea port precinct - a critical lifeline and economic contributor to Wellington and surrounds – 
suffered significant damage and associated operational disruption due to the 2016 Kaikoura earthquake.  
 
The earthquake has presented the port with a wide range of hazards and competing interests as part of 
restoring operations and regenerating the port to deliver a 21st century asset. Since 2016, CentrePort and 
core service partners, have – through investigation, assessment, design, operation and construction activity – 
improved their understanding of what is important to achieve resilience for a community facing frequent natural 
hazards. Resilience is a central theme to regeneration, and a core objective to achieving a long-term 
sustainable business through continual incremental improvements, including third party relationships, which 
are critical to the operation of the port. 
 
The paper outlines some successes achieved through the short-term response of CentrePort and key suppliers 
after the earthquake. It further discusses benefits of a transition of mindset toward a medium-term recovery 
and a long-term regeneration view after a change-inducing event. Over the past five years the port team have 
developed as people, adapted core processes and made resilience improvements to built infrastructure. All of 
this has been overlain by a consideration of risk, to ensure effort is put to the areas of best impact.  
 
In the longer term, the port team is embracing regeneration aligned with their key pillars of “Our People, Our 
Customer, Our Environment and Our Community”. CentrePort and its suppliers have an enhanced 
understanding of critical risks to port operations. This, alongside close relationships with key partners and 
customers, is enabling a targeted focus on areas of most value for ongoing regeneration efforts.  
 
Keywords: Earthquake, Port Operations, Infrastructure, Resilience. 
 
1. Introduction 
Wellington and indeed central New Zealand relies 
upon CentrePort’s marine assets, relationships and 
operations for connectivity. CentrePort provides 
infrastructure, handling, transfer and support 
services in support of a wide range of transport 
logistics, tourism, freight, and goods movement. 
 

 
Figure 1 - Overview of CentrePort's Wellington Sites, 
showing that operations are distributed around the city 

  

See Figure 1 for CentrePort’s different Wellington 
sites. The Pipitea precinct is in central Wellington. It 
is used for import, export, transfer and storage, 
alongside inter-island ferry, tug and pilot operations 
and Wellington’s cruise ship terminal. Fuel transfer 
facilities operate at Miramar (Wellington) and 
Seaview (Lower Hutt). Inland freight hubs are in 
operation at numerous lower North Island locations, 
servicing the regional transfer of goods from road to 
rail transport. This eases the burden of heavy goods 
vehicles on SH1 and SH2. 
 
1.1 Te Oranga Takutai – Adapt and Thrive 
The port is an essential part of the national fuel 
supply chain, rail and state highway network. It 
serves a lifeline function under New Zealand’s Civil 
Defence and Emergency Management Act1. It is 
also a critical economic contributor to Wellington 
and surrounding regions. As such, a resilient and 
efficient port contributes to a thriving community.      
 
The Kaikōura earthquake has been well-
documented amongst the local engineering 
community. It was a magnitude 7.8 event on the 
Richter scale and occurred just after midnight on 14 
November 2016. It severely damaged property and 
infrastructure throughout central New Zealand, 
including at CentrePort’s sites.  
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The event caused significant operational disruption 
and acted as an opportunity to drive regeneration. 
The port is adapting through its regeneration 
activity, to safely deliver more sustainable customer 
service and improved resilience.  
 
2. Immediate Response to the Earthquake 
The first response from the port team and its key 
suppliers on Monday 14 November 2016 was to get 
information on port damage through a triage 
process. This would inform on the relative impacts 
of the earthquake across the port and its people in 
a coarse sense. This appraisal of severity, 
underpinned by a clear understanding of priorities 
and that safety came first, would provide the basis 
for making robust decisions.  
 
Typically, prior knowledge was contributed by staff 
from CentrePort, Holmes, and Tonkin and Taylor. 
Many of this combined team had worked together 
on 2013 earthquake responses and/or technical 
assessments of expected performance of structures 
at the port. Accordingly, it was possible to quickly 
understand whether conditions were better, worse 
or similar to what had been appraised in the past. 
This meant the wider team was well-equipped to 
make informed choices around continued operation 
in the face of damage.  
 
Similarly, operations crews appraised damage to, 
and hazards associated with accessways, power 
systems and subsurface utilities. These initial triage 
conclusions were essential to understanding risk in 
decision-making, and to confirm the ability to 
service, communicate and move safely in the port.  
 

 
Figure 2 - Deformation of ground next to wharf caused 
structural damage, precluded vehicle access and created 
a hazard and connectivity issue with broken services; 
vessels at anchor in the harbour awaiting confirmation of 
whether it is safe to berth 

 

 
Figure 3 - Toppled containers, dislodged reefers, 
liquefaction ejecta and distorted pavements indicate 
safety risks, access constraints and ground damage 

 
Team briefings occurred three times a day. All triage 
personnel were thus regularly updated and 
refreshed. Teams were briefed here for their next 
objective based on priority. Priority was determined 
based on safety, lifeline connectivity and thereafter 
a range of practical and economic factors.  
 
A wall-sized map of the port was central to this 
discussion, with a traffic light system of annotations. 
All port areas started with a red annotation on the 
map. As triage progressed, zones or structures 
were classified with one of three colours based on 
the hazards and damage observed. Some remained 
red and inaccessible where deemed unsafe. Others 
were reclassified as intermediate or low risk as 
confidence built on the safety to use an area. In this 
sense, the response plan was adapted in order for 
the response itself to continue apace in a safe way.       
 
One impactful outcome of triage was the pace with 
which certain structures and zones were classified 
as fit for some level of access and use. While many 
older port structures were not “resilient” by current 
theoretical measures or standards, the people and 
processes informing the response offered resilience 
to the wider system. People knew each other and 
the port infrastructure well. Communication was 
kept simple and direct. Safety was critical. 
 
Consequentially, despite damage, no fuel transfer 
operations were delayed and inter-island ferries 
were operable within 24 hours. Within 48 hours, 
logs and other bulk trades were resumed, and 
shortly after that the port served as a loading site for 
navy ships delivering aid to Kaikōura. There were 
also no cancellations of cruise vessels. 
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3. Short to Medium-Term Regeneration 
3.1 Short Term Recovery Activity 
By mid-December 2016, the triage exercise had 
brought some clarity of the earthquake’s impact. 
Most damage had resulted from ground deformation 
and/or differential displacement between parts of 
structures. It was clear that a short-term response 
mindset would need to adapt toward recovery, and 
then a long-term regeneration view.  
 
Technical teams set out with a range of technology 
to capture data around CentrePort’s assets: 

• Manual measurement 
• Drone & laser scanning survey 
• Photogrammetry 
• 2D & 3D image capture 

This would update operations staff, inform the 
insurance process and enable action associated 
with repairs and structural securing projects.   
 

 
Figure 4 - Plan view on Pipitea site with data overlay 
showing bulk ground movement contours and three 
waters supply network. Heavy red contours indicate 
maximum settlement in 1970’s reclamation which is 
bounded on east by Thorndon Container Wharf, and on 
west by Kings Wharf. 

As Figure 4 indicates, a lot of data was gathered to 
understand how the ground had behaved as a result 
of the earthquake. Drone scanning of ground 
surfaces complemented level surveys on known 
survey points. Transects were measured through 
the 1970’s reclamation in particular to understand 
the nature of settlement and lateral spreading. 
CentrePort accepted the request of QuakeCoRE 
and Geotechnical Extreme Events Reconnaissance 
(GEER) to make measurements and observations 
related to the performance of the ground2.  
 

Since ground deformation appeared to be the main 
cause of much of the observed damage, this work 
on understanding the ground was an important area 
of focus. This would inform CentrePort’s planning 
around what built resilience meant, and how it could 
be best achieved into the future.  
 
As damage inspections continued, the whole port 
was operating to some degree. While infrastructure 
resilience is likely well known to the technical 
reader, this operational success was derived from 
the presence of business resilience – in a broad 
context – as outlined in the following examples.  
 
1. Organisational adaptability 
Port staff proved their adaptability, as did 
CentrePort as an employer. Many people took up 
new roles in the face of a new way of working. Some 
learned new skills and swapped teams. Others 
helped to change processes – for example the port 
safety induction process was personalised with 
daily face-to-face sessions. This ensured an 
appropriate level of understanding for the influx of 
regeneration contributors. In this respect, a process 
change offered consistency for people and certainty 
for CentrePort in a high-risk operational 
environment which was necessarily evolving. 
 

 
Figure 5 - Image of 3D photogrammetry model on 
damaged pile to beam connection; just one tool used to 
capture and illustrate detailed damage observations  

2. Legacy knowledge and supplier relationships 
On 23 December 2016, cruise ship Ovation of the 
Seas berthed at Aotea Quay under known 
limitations to become the largest cruise vessel ever 
accommodated in Wellington – just five weeks after 
the earthquake. This is a demonstration of 
resilience through understanding of assets and 
environment. The CentrePort engineering and 
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marine teams drew on recent inspection and rating 
data for bollards, plus risk appraisal on forecast 
environmental conditions. Holmes advised on 
relevant damage implications, and adapted existing 
technical mooring models. Collaboration allowed 
the managed mooring of the ship around damaged 
infrastructure.   
 

 
Figure 6 - Ovation of the Seas berthed at Aotea Quay 
alongside a log vessel five weeks after the earthquake 

3. Customer relationships 
CentrePort drew on the strength of existing 
customer relationships so that geared container 
ships could be brought to Wellington from early 
2017. This adapted way of working re-established 
container handling capacity for the region despite 
the ship-to-shore cranes being non-operational.  
 
4. Strong communication 
This recovery stage saw redefinition of safe 
operating procedures, and the consolidation of new 
ways of working within a damage-affected site. 
Incremental changes established some security and 
even redundancy back into the port system again. 
This came through hard measures like repaired 
water pipes, reinstated pavements, and alternative 
vehicle access points. It also included soft 
measures such as team lunches, a summer holiday 
and recognition of initial milestones. Regular and 
well-pitched internal and external communication 
reinforced adaptions, and the scale of eventual 
regeneration activity. Good communication was a 
key enabler of ongoing progress toward incremental 
achievements in tough conditions. 
 
3.2 Medium Term Recovery Activity 
During 2017, there was further definition of key 
activities, so that CentrePort and its partners could 
focus on tasks with a medium-term outlook. 
CentrePort drew on a risk-based approach to 
determine their priorities. The consequence of 
certain outcomes was measured using internal 
definitions relating to safety, operational downtime 
and cost impacts.  
 

3.2.1 Damage Inspection and Assessment 
At this point, a team remained focussed on 
inspection, assessment and reporting of damage as 
part of the insurance resolution process. While not 
discussed in detail here, this was an essential 
aspect of the long-term resilience of not just the port 
as a business, but the city and region. The process 
enabled CentrePort to secure an appropriate 
settlement against damage that heavily impacted its 
commercial resilience.  
 
3.2.2 Wharf Securing Projects 
In many cases, assessment of wharf damage 
indicated that the risk of controlled use of damaged 
structures was tolerable. Marine loading could be 
controlled through tug assistance or intervention in 
certain conditions. Many wharves presented little 
risk to human safety or ongoing connectivity of 
essential operations. For Thorndon Container 
Wharf (TCW) and Kings Wharf, however, this was 
not the case. These wharves had to be secured to 
mitigate risk of interim use to an acceptable level.  
 
TCW securing has been documented in detail by 
Presland et al3 and Palmer et al4 for a technical 
earthquake engineering audience. Kings Wharf 
securing followed a similar philosophy: design and 
construction of adequately robust structures in the 
reclamation to which the wharf could be secured. 
These two securing projects increased levels of 
certainty of container and inter-island ferry 
operations respectively by rebuilding an appropriate 
level of performance in moderate seismic events.    
 
3.2.2.1 Damage  
Lateral spread of the reclamation adjacent to TCW 
pushed the concrete wharf seaward by up to 
750mm. Similar behaviour at Kings Wharf caused 
over 1000mm movement in some locations. See 
Figure 7 and Figure 8.  
 
Wharf piles were observed or inferred to be 
fractured at both structures, and the primary load 
paths were heavily compromised. This presented a 
risk to marine operations: aftershocks could trigger 
progressive collapse, creating a life safety hazard 
and severe operational disruption. 
 

 
Figure 7 - Sketch showing ground movement in 1970’s 
reclamation, forcing wharves seaward, damaging piles 
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Figure 8 - View southward under Kings Wharf, with piles 
near-uniformly leaning due to deck displacement seaward 

3.2.2.2 Response – securing measures 
The securing measures enacted in response to the 
damage were developed in a collaborative 
environment, with safety and speed paramount. Key 
elements are outlined below.  

• In advance of securing work, access was 
restricted with cordons. Some heavily 
deformed and damaged portions of the two 
wharves were demolished.  

• Stone columns enhanced the reclamation 
adjacent to both wharves.  

• Steel tie beams were used to restrain both 
wharf decks against further lateral seaward 
movement, by anchoring into soldier 
elements in the improved ground.  

• New piles and caps were built at TCW to 
support ship to shore crane rails.  

• The load path for Kings Wharf fender loads 
was reinstated, since ground movement 
had compromised the ability of the wharf 
deck to bear against in-ground thrust 
blocks. Thrust blocks were rebuilt. 

• Bollards were relocated on Kings Wharf to 
create an adapted interim mooring 
arrangement. New inshore bollards were 
built at TCW to secure vessels.  

 
3.2.3 Interim Infrastructure Solutions 
Beyond wharf securing, further infrastructure 
adaptions were implemented in this period, too, so 
that the port and its people could keep working in a 
safe and healthy manner. These interventions again 
represent areas where operation beyond the short-
term was deemed unacceptably risky. Action was 
taken to minimise exposure to known life safety 
hazards and business continuity issues.   
 
Damaged cladding panels were secured for the 
safety of building users and passers-by. Containers 
were equipped with fencing panels and ballasted 
then used as barriers to mitigate the risk of unstable 
portions of buildings falling. These physical 
interventions allowed continuity of safe access next 
to known hazardous sites.  

 
A specialist wind study informed safe operational 
limits for personnel in the container terminal. The 
technical conclusions were calibrated against 
CentrePort’s anemometers (by height and location), 
for monitoring purposes. As above, this was a 
means of ensuring ongoing safe access to critical 
operational areas.  
 
Seawalls were repaired, and rail and pavements 
were reconstructed to support safe transportation. 
The floor of Shed 39 was re-founded and re-
levelled, as were selected lightpoles. The floor of 
Straddle House was replaced in response to 
settlement-induced floor damage. All of these 
measures incrementally improved the safe 
operation and maintenance of heavy plant and other 
port activity.   
 

 
Figure 9 - Access road in container terminal, where 
ground has settled around buried obstructions. Distorted 
pavements, rail and foundations required restoration 

Further, since CentrePort House – a hub for those 
on port – was heavily damaged, a portacom village 
was planned and constructed to accommodate 
CentrePort staff. The village was built incrementally, 
to house an ever-changing group of teams as the 
regeneration process developed. The portacoms 
were light and shallow-founded, meaning that they 
could move with the ground in the case of further 
deformation. The new services connections had 
movement tolerance built in as a means of 
resilience against future ground deformation and to 
enhance flexibility when servicing future needs.   
 
3.3 Medium Term Regeneration Activity 
3.3.1 Demolition 
A tranche of demolition work was established in 
2017. This was an activity which was genuinely 
future-focussed, and which set the whole port team 
up with a fresh view on what a regenerated 
environment could look like. Severely damaged 
buildings were removed where required for safety 
reasons (refer Figure 10), or where demolition (and 
potential replacement) was economically preferable 
over repair. Some in-use buildings were demolished 
where their function was otherwise able to be met, 
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to enable commencement of the long-term 
Regeneration. Others were removed where they 
contained hazardous materials such as asbestos, or 
if they were disruptive to operations such as for 
original wharfside structures now landlocked by 
20th century reclamation work.  
 
The disruption caused by the earthquake 
represented an opportunity to enhance safety, by 
removing these buildings and levelling off uneven 
ground to contain pockets of contaminated land.  
 
Over a dozen buildings were demolished, plus 
some redundant buried structures, thus relieving 
port staff of exposure to numerous current and 
future hazards. CentrePort have thus improved 
resilience through flexibility as they plan the future 
port and regeneration activity, since numerous 
spatial and safety constraints have been removed. 
 
3.3.2 Ground Improvement 
Having observed the impacts of ground 
deformation, CentrePort undertook to make their 
sites more resilient for future use. The Kaikōura 
earthquake demonstrated how the ground 
conditions and the Thorndon Basin affect the 
ground shaking experienced at the site in 
earthquakes. Liquefaction-induced spreading of the 
revetment slopes increase risk of erosion. Lateral 
stretch and settlement of the backlands were 
significant contributors to the damage of structures, 
utilities and pavements. Useful information was 
produced by the QuakeCoRE / GEER team as 
noted earlier, and this served as something of a 
benchmark from which regeneration could proceed.  
 
A detailed understanding of the seismic hazards at 
the port has been integral to understanding the risk 
that the port is exposed to from earthquakes and for 
port regeneration planning. Extensive ground 
investigations, laboratory testing and assessment 
have been carried out in collaboration with the 
University of Canterbury, NIWA and GNS to 
characterise the ground conditions across the site 
and develop a detailed understanding of the seismic 
hazards at the port. This work has shown that the 
ground shaking and liquefaction hazards are 
different to previous estimates and that contrary to 
previous thoughts, the gravel reclamation fill at the 
site is liquefiable. To assess the liquefaction 
resistance of the gravels, state of the art cyclic 
simple shear testing was carried out on large, 
reconstituted gravel samples at the University of 
Michigan.  
 
To improve port resilience to earthquakes, the focus 
has been on constraining lateral movement of the 
liquefiable gravelly reclamation fill. A 12 m to 40 m 
wide strip of stone column ground treatment around 
the perimeter of the 1970’s reclamation performs 
this role. Stone column ground improvement has 

proven to be effective at increasing the liquefaction 
resistance of the gravel fill and provides some 
flexibility for future development. Noise and 
vibration during construction can be limited to 
acceptable levels. The use of crushed recycled 
concrete from demolished port structures has 
reduced the cost and environmental impact of the 
ground improvement work undertaken thus far.  
 
4. Long Term Regeneration 
In the longer term, the port team is embracing 
regeneration with enhanced understanding of its 
critical risks and how it operates. CentrePort have 
defined four equal key pillars (Our People, Our 
Customer, Our Environment and Our Community) 
to underscore the Regeneration. By treating the port 
as a holistic system, resilience improvement options 
have been identified, and business justification 
aligned to the four key pillars.  
 
4.1 Spatial fit for most critical assets 
CentrePort and its partners have enhanced their 
understanding of which assets are most critical to 
port operations, and how built resilience can be 
implemented to best effect. Importantly, in some 
cases, building nothing can be the most effective 
option, if the consequence on safety and operations 
is known to be low.  

 
Figure 10 - Removal of damaged/redundant structures to 
enable flexibility and adaption of spatial fit on port 

Where feasible, the port layout has been adjusted 
to reduce exposure of critical assets to effects of 
seismic events and to improve operational 
redundancy. This includes removal of redundant 
structures (Figure 10), upgrade of critical services, 
consolidation of operational functions and creation 
of flexibility (i.e. transport routes). Performance 
requirements for new infrastructure and upgrade 
schemes have been developed considering 
criticality of assets and the desired overall resilience 
and risk profile of the operations they support. 
Seaview Wharf, as a fuel transfer facility, is one 
such example. Regeneration will see that wharf 
subject to interventions over the coming years, 
developed in conjunction with the fuel industry.  
 
There is considerable effort, with core partners, 
being put into understanding and improving the 
resilience of the ground, particularly where historic 
reclamations have performed poorly in the past. 
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This, in addition to work described above, serves as 
a means of self-insurance against disruption and 
safety impacts under future earthquake events. 
    
4.2 Plant and equipment changes 
CentrePort has incrementally changed its container-
handling strategy away from tall straddle carriers. 
These vehicles have a high centre of gravity, and 
were prone to safety issues in uneven ground 
conditions. This move offered an opportunity to 
embrace change for the future, and Gaussin are 
currently supplying a fleet of fully electric tractors for 
container logistics on port.   
 
This move, while sensitive to environmental impacts 
of port activity, offers additional safety benefits to 
port staff. Plant operators no longer need to climb to 
heights to drive their vehicles. Modernising the fleet 
makes for safer maintenance activity, too, and with 
shorter vehicles comes increased flexibility in the 
use of existing buildings for maintenance work.  
 
4.3 Recycling facility 
CentrePort established their own recycling facility in 
2017. This facilitated reuse of demolition material 
not just around the port, but across the region on 
other projects, too. This reduces environmental 
impact of the earthquake damage whilst enhancing 
the viability of regeneration projects through 
reduced long-term costs. All the while, this 
contributes to the long-term sustainability and 
resilience of the port; broadening business activity 
and knowledge base and making use of land 
previously left for storage.  
 
4.4 Asset management systems 
The earthquake recovery process presented the 
port team with a chance to shift their mindset in 
terms of asset management. A transition is 
underway to better capture, store and manage 
asset data. This will offer better access for key 
contributors to a single, central source of truth. Initial 
use of the first new part of the system has 
demonstrated added value in use and maintenance 
of bollards, light poles and other assets. Further 
progress is planned over the coming years.  
 
4.5 Shed 39 as a new home base 
In late 2020, all port staff were relocated together 
into a regenerated Shed 39. This has created an 
increased sense of community and connectivity with 
all port staff sharing not just a common workspace, 
but a base that all feel an ownership over.  
 
With reference back to the immediate response to 
the earthquake, a sense of communal interest and 
ownership is one key element to the resilience of a 
system. By drawing port staff to work together in a 
state of the art facility, CentrePort are investing in 
the resilience of their culture and their people. In 
turn, this provides a great platform for those people 

to operate the port to the best benefit of the region 
that relies upon it.  
 
4.6 Guardianship of Wellington Harbour 
One of CentrePort’s commitments is to contribute to 
shared guardianship of Wellington Harbour. In this 
respect, ongoing efforts to enhance relationships 
and operate sustainably are building on the pillars 
of Environment and Community in particular.  
 
An example of this is CentrePort’s recent 
formalisation as a strategic partner in the Sanctuary 
to Sea project, focused on the ecological restoration 
of the Kaiwharawhara Stream catchment. Another 
example is the advertised intention in future to open 
up the Inner Harbour Precinct, for better public 
amenity at the water’s edge.  
 
5. Summary  
While regeneration remains underway as a long-
term activity, there are many lessons to be drawn 
from the experience of CentrePort since change 
was imposed by the 2016 Kaikōura earthquake.  
 
CentrePort’s success in rapid recovery of operability 
was influenced by resilience in their internal and 
external relationships. The short-term response saw 
fast action and accurate communication among key 
internal and external contributors with capability and 
relevant prior knowledge. Investment and 
reinvestment in mutually valuable relationships is 
one way that ports can plan for the unexpected.  
 
In the medium-term recovery to the 2016 
earthquake, CentrePort drew upon elements of 
business resilience as they continued to adapt. 
Leaders within the business made risk-based 
decisions on interventions both big and small. This 
ensured that people remained safe in an inherently 
high-risk environment, and that the wider 
community continued to benefit from the key 
services the port facilitated.  
 
CentrePort, with a longer-term vision, have invested 
in resilience improvements with a focus on their four 
key pillars of Regeneration. This ensures that 
infrastructure investment is focused on addressing 
the right risks on the right assets to ensure a 
sustainable and resilient business. Demolishing 
buildings, for example, has provided redundancy to 
reduce risk around traffic flows while removing 
latent safety hazards. Ultimately, CentrePort’s 
current and future resilience in the face of the 
unexpected is borne out of an understanding of how 
their port operates and interfaces within the 
ecosystem of the four key pillars of Regeneration– 
through both hard and soft measures. 
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Abstract 
Highly constricted time windows for allowing safe and efficient manoeuvring of large ships in confined 
navigational channels are one of the largest growing sources of congestion in ports worldwide.  With 
increasingly larger container vessels introduced to many shipping routes, this challenge is predicted to grow 
for years to come.  
 
For decades, several ports worldwide have started to utilize the benefits from online systems that predicts safe 
dynamic under keel clearance (UKC) transit windows hence providing increase flexibility and capacity over old 
fashioned static port rules.   
 
In this paper we will present a significant recent improvement to an operational decision support system for 
the effective dynamic management of safe transit windows through constricted waterways. In addition to 
incorporating the effect of dynamic UKC, the physics-based operational system calculates dynamic safe transit 
windows incorporating the constraints of safety in manoeuvring with the same level of accuracy as a top tier 
3D full bridge simulator.   
 
The paper will provide examples of the operational use of the live system in major Australian and overseas 
ports and present the underlying technical framework for how the system uses detailed vessel manoeuvring 
response predictions for deriving practical dynamic thresholds for safe transit planning. 
 
Keywords: Manoeuvring, Port, UKC, Navigation, Simulator 
 
1. Introduction 
In Australian container ports, ship manoeuvring has 
come into attention again with introduction of 
containerships capable of carrying above 14k 
TEUs. Accommodating such ships is a serious 
challenge for many ports all around the world, 
specifically as there are several handling issues 
related to extremely high windage areas, large 
displacement weight which increase the 
hydrodynamic resistance forces and significant 
decrease of rudder area to windage area when 
compared to previous generations. Although 
shipyards provide helpful metrics of basic handling 
properties in terms of standard manoeuvres [1], 
those metrics are normally restricted to deep water 
and light forcing condition. However, some of the  
most challenging manoeuvres will take place in 
congested waters and often during energetic 
weather conditions. Full bridge simulations can 
provide high level details on manoeuvring quality 
using human pilots, but they are very time and 
budget consuming, and it is difficult to provide a full 
envelope of safe manoeuvring scenarios that 
covers all aspects of day to day operations and 
vessel loading conditions. Hence, robust 
operational, real-time manoeuvring decision 
support tools are becoming increasingly attractive in 

 
1 Non-linear Channel Optimization Simulator  

order to optimize safe and efficient shipping through 
constricted waterways.  
 
The NCOS1 ONLINE Safe Manoeuvring Module is 
closely related to an accurate fast time simulation 
tool used in desktop versions of full bridge 
simulation.  The main difference is that the NCOS 
ONLINE module is powered by a more highly 
sophisticated numerical navigator and that spatially 
and temporally varying metocean forcing occurring 
during the voyage are accurately forecast in real-
time. This means that the NCOS ONLINE Safe 
Manoeuvring Module can accurately evaluate 
aspects of multiple alternative options for assuring 
a safe vessel transit extremely fast. The best 
options for safe passage to suit vessel configuration 
and weather can then be provided to the pilot and 
master well ahead of each transit with tremendous 
benefits to assuring safe passage and avoiding 
potential delays to arrival. 
 
2. Technical Approach  
Historically, there has been two main approaches 
towards numerical approximation of ship 
manoeuvring capabilities in full-bridge simulators. 
The first is the Modular Manoeuvring Group (MMG) 
method which considers hull, steering devices, 
propulsion and other influencing factors as separate 

609

mailto:sbm@dhigroup.com
mailto:sbm@dhigroup.com


Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Dynamic assessment of safety in manoeuvring through constricted navigational channels using an online operational system  
Simon Mortensen, Reza Fathi Kazerooni, Alex Harkin, Tim Womersley and Bugge Jensen 
 
units [2]. This will enable one to easily replace 
various devices and handle the between 
interactions separately. The second well 
established method using a tabular form of 
representing vessel response coefficients based on 
Abkowitz manoeuvring model [3]. The second 
method relies on non-domensionalised 
hydrodynamic response coefficients obtained from 
extensive physical model tests, which allows for a 
very accurate representation of real vessel 
manoeuvring response. Force Technology’s 
SIMFLEX4 full bridge simulator utilizes this second 
approach in its engines. The hydrodynamic 
properties of hull, propeller and steering system are 
all based on 50 years of towing tank/ wind tunnel 
and cavitation tunnel model tests carried out in-
house in close collaboration with shipping lines and 
fully validated against full scale field data [4]. 
When compared to the MMG method, the 
SIMFLEX4 mathematical representation of vessel 
response does not suffer from lack of accuracy 
often experienced due to polynomial representation 
of hull hydrodynamic forces. The vessel 
manoeuvring response in NCOS ONLINE uses the 
same vessel response engine applied in 
SIMFLEX4. 
 
NCOS ONLINEs Manoeuvring Module is using a 
high precision numerical navigator scheme (NNS) 
to automatically steer each vessel through 
navigational channels. It combines a robust 
Proportional/Derivative/Integral (PID) controller 
optimised based on ship manoeuvrability measures 
with a so-called Look Ahead Distance Algorithm, 
which converts the track offset into rudder 
commands to correct the ship heading [5]. Planned 
navigation route, target speed profile and 
environmental forcing (wind, current and wave as 
time and spatially varying variable) are inputs into 
NCOS Manoeuvring Solver Engine that in turn 
calculates the vessel 6 DOF response at each time 
instance and compared to desired target speed and 
route. Based on the differentials to meet target 
course and speed, the numerical navigator corrects 
rudder and engine accordingly, which will affect 
vessel response in the subsequent time step as 
illustrated in Figure 1. When approaching a channel 
bend, a real pilot will use his experience to decide 
the value of rudder angle and how far from the bend 
to execute the rudder command. In comparison the 
NCOS ONLINE  Manoeuvring Module is using an 
algorithm, which decides on the values of look 
ahead distance based on several navigation factors 
including: 

- Rate of turn  
- Bend sharpness 
- Under keel clearance as low UKC’s will 

make the ship sluggish on the bend 
- General manoeuvrability of the vessel in 

terms of the metrics of standard 
manoeuvres test 

- Ship approach speed 
- Ship’s windage area 
- Sea state including wind and current forcing 
  

 
Figure 1   Workflow of NCOS Manoeuvring Module main 
engine 

At each time step, the vessel’s centre of gravity is 
assumed to be in the centre of a circle with radius 
equal to the calculated look ahead distance for each 
bend. The intersection point of this circle with the 
target route is found and the required rudder angle 
to correct the relative course is determined. This 
approach creates a numerical approximation to real 
navigation where the NNS will try its best to 
complete the transit according to the target transit 
plan based on what the vessel is capable of in 
relation to the weather and tide on the day. If the 
transit plan is challenging or potentially unsafe, it will 
automatically be identified through excess use of 
rudder, excessively high vessel drift angles and too 
close vessel proximity to the channel toe line. This 
is almost to how safety in manoeuvring is assessed 
in full bridge simulations using human navigators.  
By quickly evaluating multiple transit plans with 
different course and speed profile, it is then possible 
to identify safest option to suit both vessel and 
weather condition on the time of transit. In some 
instances, it may not be possible to find a suitable 
mitigation option for challenging weather and a 
vessel transit is flagged as challenging and 
potentially unsafe. Note that this does not always 
mean that an experienced human pilot cannot 
complete the transit.      
 
 
3. Validation 
Ship handling simulation is a complicated problem 
as the nature of unsteady hydrodynamic forces and 
interactions of different degrees of freedom during 
ship motion is still subject to ongoing research often 
using very sophisticated numerical methods. As 
result it is as always important to validate a 
numerical approach against realistic events.  
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The main intention in this validation has been 
validating the performance of the numerical 
navigator against human pilot in terms of: 

- Overall performance of PID controller 

- Look ahead algorithm 

- Speed matching during the transit 

The results of the full bridge simulation comparisons 
to NCOS ONLINE provided advantages for 
comparison as: 

- transit scenarios and environmental forcing 
would be identical and enable the full 
comparison of vessel response in 
challenging scenarios in a safe controlled 
environment. 

- The hydrodynamic models of ship hull, 
steering and propulsion devices and 
environmental forces on the ships are 
identical which allows for isolated test of the 
significance of the human element in safe 
navigation. 

The Smartship Australia facilities in Brisbane were 
used for full bridge simulation which applies the 
bridge and manoeuvring solver of Force 
Technology SIMFLEX, which is the same as NCOS 
ONLINE Manoeuvring Module solver. The ship 
vessel response mathematical model and 
manoeuvring solver itself are the same as all the 
NCOS ONLINE inputs. 

A 14,000 TEU containership at 14.0m draught was 
used for this study. The vessel was configured with 
a single propeller, single rudder and with full 
container tiers on deck (Table 1). The manoeuvring 
simulation test matrix contained wind speeds from 
20 to 40 knots from all dominant dictions and 
realistic flood tide currents and water levels in the 
channel.  The scenario presented in this paper 
involved a 20 knot winds from the Northwest, high 
tide and low tidal currents. The purpose of this test 
was to assess the isolated effect of wind on 
manoeuvring as isolated as possible.     
Table 1   Particulars of the 14,000 TEU Containership 

Lpp (m) 350.06 
B (m) 48.11 
T (m) 14.00 
CB 0.669 

Speed (knots) 26.0 Service Condition 
Propeller 8.800m FPP 6 Blades 

Rudder Area / Lpp x T 1.62 % 
 
In the full bridge simulator the human navigator 
undertook a relatively high-speed approach on the 
deep part of the channel followed by a gradual 
reduction RPMs aimed to reduce the speed due to 
UKC limitations of inner channel and being able to  
reach a full stop once approaching the port basin.  

 
The human pilot used a kick ahead (increase the 
propeller rate output) in the channel bend to 
increase the propeller slip stream onto the rudder 
for better turning performance,  
 
As illustrated in Figure 2 to Figure 4, NCOSs 
numerical navigators scheme automatic control of 
rudder and propulsion was very similar to the 
human pilot. The NNS applies same rudder angles 
on the critical part of the transit starting from 
Entrance Channel Beacon waypoint to Inner Bar. 
While the rudder angles and propulsion kick-ahead 
are very close in the bend.  It is observed that  
NCOS overall is giving conservative values when 
compared to the full bridge simulation. The width of 
the channel swept by the vessel is also in good 
agreement as presented in Figure 2. 
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Figure 2   Vessel swept path (NCOS blue line, Full bridge 
simulation in red), 20 knot winds 315° NW 

 

 
Figure 3   Responses of steering and propulsion devices 

 

 
Figure 4   Vessel dynamic responses, drift angle and 
forward speed 
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4. An Example of Operational Use 
One of the most challenging scenarios for pilots and 
ship masters is operational handling of vessels at 
high velocity following currents.  While high winds 
can pose significant challenges to safe navigation, 
it is easier to assess both for planning purpose and 
during transit and avoid dangerous situations.  In 
most ports, currents can vary significantly 
temporally and spatially, they are often difficult to 
forecast and live measurements in areas of interest 
are rarely available.  In challenging manoeuvring 
situations, a common solution is to increase vessel 
speed. However in most navigational channels, 
there are restrictions on the under-keel clearance 
and bank effects, which will in turn restrict the 
maximum allowable forward speed. One of the most 
problematic scenarios consists of high-speed 
currents coming from the stern as the relative speed 
of water flow over the rudder is reduced, and as the 
ship rudder is considered a passive control element, 
it may not be able to steer the ship effectively. The 
high current speeds in the river mouth and through 
bay entrances usually happen close to flood tides 
where port operators tend to take advantage of the 
rising water to accommodate deep draught ships. 
Although flood tides can unlock transit windows 
effectively from the UKC point of view, loss of 
controllability on manoeuvring can be a very serious 
issue during these time windows if not assessed 
accurately.  
 
An example of this scenario is highly relevant 
occurs through Port Phillips Heads for large, deep 
drafted containerships looking to take advantage of 
flood tides to enter the bay. The current speed in 
some cases can exceed 5.0 knots which 
significantly limits safe transit windows for large 
containerships. In this example below we 
demonstrate how NCOS ONLINE Manoeuvring 
Module can be used to identify risks to safe 
navigation in up to 2.8 knot current and how 
increasing vessel speed from 8 to at least 10 knots 
in this instance can assure the safe control of the 
vessel whilst maintaining safe UKC.  This scenario 
example is hypothetical and does not to our 
understanding reflect current operations through 
Port Phillip Heads. 
 
The handling of the same 14,000 TEU containership 
Table 1) , on a flood tide scenario entering the Port 
Phillip bay is studied here at different transit speeds.  
Two factors influencing the handling quality are: 

- Rudder effort (𝑅𝑅𝑅𝑅) in equation 1, which is 
the rudder angles (𝛿𝛿) integrated over transit 
times, made non dimensional by maximum 
allowable rudder angle(𝑎𝑎𝑟𝑟) which is set to 
35 degrees in this study, which shows how 
much rudder capacity is left on each transit 
to respond to unexpected circumstances.  

𝑅𝑅𝑅𝑅 =  
∫ 𝛿𝛿 𝑑𝑑𝑑𝑑𝑡𝑡1
𝑡𝑡0

𝑎𝑎𝑟𝑟(𝑑𝑑1 − 𝑑𝑑0)
�   (1) 

- Track offset (𝑇𝑇𝑇𝑇), which is the normal 
distance to track (𝑦𝑦𝑛𝑛) at each time incident 
integrated over transit time and made non 
dimensional based on ship beam (B).  

 

𝑇𝑇𝑇𝑇 =  
∫ 𝑦𝑦𝑛𝑛 𝑑𝑑𝑑𝑑𝑡𝑡1
𝑡𝑡0

𝐵𝐵(𝑑𝑑1 − 𝑑𝑑0)
�   (2) 

 
 

 
 

 

 
 
Figure 5   Comparing vessel swept and transit metrics at 
low 8kn and high 14kn speeds, 14k TEU containership 
arrival in high currents and in 10 knots NW wind 
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Figure 6   Effect of forward speed on transit quality for 14k 
TEU ship arrival on flood tide to Port Phillips Heads in 10 
knots NW wind. 

According to Figure 6 , increasing the speed above 
10 knots will leave a good amount of reserved 
rudder capacity behind of more than 70% and 
reduce the vessel swept path width and track 
offsets. At the same time NCOS ONLINE is able to 
identify the drawbacks of forward speed increase 
like reduced UKC and high turn rates on the bend to 
optimise the speed profile for accommodating the 
transits. 
 
Online Application  
 
 The combination of accuracy and fast computation 
times, makes the NCOS Manoeuvring Module is 
suitable to further improve the operational safety 
and efficiency of vessel transit planning through 
constricted waterways such as into ports. The 
module forms part of the physics-based decision 
support system NCOS ONLINE, which is used by 
port operators worldwide daily to assure safe transit 
planning of ships into port.  When planning the safe 
transit of a vessel, the system automatically screens 
for the entire operational window of opportunity and 
provide a compliance check based on safety in 
manoeuvring and UKC. These checks are based on 
the detailed vessel configuration and spatially and 
temporally variations in forecasted weather and tide 
during the time of transit. Safe time windows for 
scheduling a transit are displaced in a secure web 
interface as illustrated in Figure 8.   
 

 
Figure 7 Example of visualization of save transit windows 
for 10,000 TEU Container vessel using NCOS ONLINE 

On typical days, wind, waves and currents during 
the time of transit are not as extreme as the static 
port rules needs to account for. As a result, dynamic 
safe transit windows predicted by NCOS ONLINE 
will most often be larger than permitted by 
conventional static port rules.  At the same time the 
NCOS ONLINE system also identifies time periods 
where static port rules may not correctly identify a 
period of safe transit. This will be a less common 
occurrence and usually triggered by either highly 
unusual currents and or vessel configuration, which 
is normally not accounted for in conventional port 
rules. As soon as the Vessel Traffic Service (VTS) 
operator or Pilot decides on a time slot inside the 
safe NCOS transit window, the system produces 
operational support features that provide Pilot and 
Master with decision support on weather forcing and 
expected vessel response during the transit itself.  
An example of such is shown in Figure 8 below 
showing the vessel Net UKC during a transit.  
 

 
Figure 8 Dashboard view of predicted safe Net UKC 
during the planned vessel transit into port. 

 
Summary  
In this paper we have presented a recent 
improvement to an operational decision support 
system for the effective dynamic management of 
safe transit windows through constricted 
waterways.  By operationalizing the core vessel 
response engine from an established full bridge 
simulator combined with a powerful numerical 
navigator scheme, we have created a new type of 
decision support tool for evaluating better safe and 
efficient navigation through constricted waterways 
which is subject to occasional strong winds or 

614



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Dynamic assessment of safety in manoeuvring through constricted navigational channels using an online operational system  
Simon Mortensen, Reza Fathi Kazerooni, Alex Harkin, Tim Womersley and Bugge Jensen 
 
currents. We also consider the tool an accurate and 
cost-effective alternative to assist in design of new 
navigational waterways that will allow for a more 
extensive options assessment before the final 
design options proceeds to full bridge validation with 
the assistance from a human navigator.  
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Abstract 
Areas susceptible to coastal erosion have traditionally been mapped as lines on a map. This was based on 
single values that were derived using a ‘building block’ approach. More recently, coastal erosion extents have 
been assessed probabilistically to account for environmental and data uncertainty. Nonetheless, single lines 
are still typically mapped for selected probabilities of exceedance. Often, many lines are mapped because of 
specific sea level rise scenarios, timeframes and selected probabilities of exceedance that are typically 
considered and this can be confusing for stakeholders. Furthermore, coastal erosion extents can also be useful 
when undertaking risk assessments for coastal adaptation planning, but single lines are of limited value. 
 
Instead of mapping multiple lines for selected probabilities of exceedance, a raster-based mapping approach 
can be used for both hazard and susceptibility assessments. This allows the full range of probabilities of 
exceedance being mapped in a combined manner. Raster maps can be shown in the form of a graduated 
shading, which can be used to find a probability of exceedance for a selected scenario for a location of interest 
(e.g. road or house). Separate shadings can be created for each timeframe and sea level rise scenario, which 
could be integrated in a web-based tool using a slider to select the scenario of interest. This would enable 
probabilistic risk assessments to be undertaken, as well as providing useful information for landowners and 
infrastructure managers. 
 
This paper outlines how probabilistic methods and improved mapping can enhance the overall effectiveness 
and engagement from a coastal erosion susceptibility assessment. This includes full probabilistic assessments 
and raster-based mapping for beach shorelines. For cliff shorelines, a quasi-probabilistic approach is typically 
adopted, with the cliff toe retreat assessed probabilistically with single stable angles projected landward from 
a selected probability of exceedance up to where it intersects with ground levels. Raster based mapping for 
cliff shorelines using a fully probabilistic approach is introduced to allow raster maps being created for cliff 
shorelines.  
 
The motivation for these improvements is to assist with effective and strategic management at the coast and 
to assist with communicating uncertainty to communities and stakeholders. 
 
Keywords: Coastal erosion hazard, coastal erosion susceptibility, raster-based mapping, probabilistic 
approach. 
 
1. Introduction 
Maps of areas susceptible to coastal erosion or 
erosion hazards are typically produced in the form 
of hard copy maps showing aerial photographs 
overlain by erosion susceptibility/hazard lines. This 
is a legacy of single erosion hazard distances that 
have traditionally been derived using a ‘building 
block’/deterministic approach (e.g., [1], [2] and [10]). 
 
More recently, coastal erosion extents have been 
assessed probabilistically to account for 
environmental and data uncertainty. This is in line 
with guidance documents such as [4], [5] and [9] 
that advocate for using a risk-based approach to 
manage coastal hazards with both the likelihood 
and consequence requiring consideration. A 
framework for assessing coastal erosion extents  
probabilistically is set out in [8], and includes issues 
associated with the deterministic approach.  
 

Despite the improved assessment approach, single 
coastal erosion extents are still being mapped for 
selected probabilities of exceedance, scenarios and 
timeframes. Often, many lines are mapped because 
of multiple sea level rise scenarios, timeframes and 
selected probabilities of exceedance that are 
typically considered.  
 
In line with developments in assessment methods 
(i.e. probabilistic assessment) the mapping method 
can be improved as well and these developments 
are set out in this paper.  
 
2. Existing coastal erosion assessment and 

mapping methods 
Methods for assessing erosion and mapping are set 
out in this section for context on how mapping 
methods can be improved and to understand the 
existing limitations. It is applicable for both 
susceptibility and hazard assessments. 
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2.1 Assessment methods 
Assessment methods for non-consolidated 
beaches and cliffs coasts including the probabilistic 
framework that can be applied to assess the 
resulting distances probabilistically have previously 
been described in [8]. These have been 
summarised below for context. 
 
2.1.1 Non-consolidated beach shorelines 
The method for non-consolidated beach shorelines 
is expressed in Equation 1 (see definition sketch in 
Figure 1). It is applied to uniform, non-consolidated 
shorelines that are not influenced by streams, 
estuaries or distal spit migrations. The Area 
Susceptible to Coastal Erosion (ASCE) is 
established from the cumulative effect of four main 
parameters: 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵ℎ = [𝐴𝐴𝑆𝑆 + 𝐷𝐷𝐴𝐴 + (𝐿𝐿𝑆𝑆 × 𝑆𝑆) + 𝐴𝐴𝐿𝐿𝑆𝑆]       (1) 
 
Where:  
• ST = short-term changes in horizontal shoreline 

position related to storm erosion due to singular 
or a cluster of storms events (m), 

• DS = dune stability allowance for the over-
steepened dune scarp following erosion (m), 

• LT = long-term rate of horizontal shoreline 
movement (m/year),  

• T = timeframe (years),  
• SLR = the horizontal shoreline retreat due to the 

effects of increased mean sea level (m). 
 

 
Figure 1   Definition sketch for open coast ASCE [8] 

 
2.1.2 Consolidated cliff shorelines 
The ASCE for cliffs is typically established from the 
cumulative effect of the long-term erosion of the cliff 
toe and slope instability as outlined in Equation 2 
(see definition sketch in Figure 2). 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = �� 𝐻𝐻𝐶𝐶
𝑡𝑡𝐵𝐵𝑡𝑡 𝛼𝛼

� + (𝐿𝐿𝑆𝑆𝐻𝐻 + 𝐿𝐿𝑆𝑆𝐹𝐹) × 𝑆𝑆�                (2) 

Where:  
• HC = height of cliff from toe to crest (m),  
• α = the characteristic stable cliff slope angle for 

that particular material (deg),  
• LTH = historic long-term rate of cliff toe retreat 

(m/year),  
• LTF = potential increase in future long-term 

retreat due to sea level rise effects (-), and   
• T = timeframe (years). 

The current ASCE for cliff is a combination of the 
cliff height and slope angle, with the future ASCE 
including the long-term toe erosion as well. ASCE 
values for both cliffs and beach shorelines can be 
developed deterministically by combining single 
parameter values or probabilistically as set out in 
Section 2.1.3. 

 
Figure 2   Definition sketch for cliff coast ASCE [8] 

 
2.1.3 Probabilistic combination 
Probabilistic combination of parameters was initially 
suggested by [5] and implemented by [8] and are 
recommended by [3] when undertaking detailed 
studies (as opposed to higher level screening 
assessments). A probabilistic approach uses a 
distribution of values for each parameter to account 
for expected variation, or uncertainty in data and 
coastal processes, rather than single values. 
Probability distributions constructed for each 
parameter are randomly sampled and the extracted 
values used to define a potential ASCE distance. 
This process is repeated a large number of times 
(e.g. 10,000 times) using a Monte Carlo technique 
to produce a probabilistic forecast of future 
shoreline position.  
 
Figure 3 shows an example of the four parameter 
distributions for a beach shoreline, including the 
resulting distribution. For each parameter the 
resulting histograms are shown and the probability 
of exceedance lines following the Monte-Carlo 
simulations. For the SLR parameter and resulting 
distribution four scenarios have been shown 
representing four different sea level rise scenarios.  
 
The resulting distribution represents the range of 
coastal erosion susceptibility/hazard distances 
associated with a probability of exceedance. For 
instance, for the 1.5 m sea level rise scenario there 
is a 50% probability of exceeding 25 m and a 5% 
probability of exceeding 77 m of erosion (refer to 
Figure 3).  
 

Current ASCE Future ASCE 

Future ASCE 

617



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Developments in the mapping of coastal erosion susceptibility/hazards 
Knook et al. 
 

 
Figure 3   Example parameter histograms and resulting 
coastal erosion hazard distance histograms/distributions 
for 4 sea level rise scenarios (Source: [11]).  

 
2.2 Mapping methods 
For non-consolidated beach shorelines ASCE lines 
are typically mapped by offsetting the resulting 
erosion distance horizontally from a selected 
baseline (i.e. typically vegetation edge). This is 
typically done by using ‘buffer’ tools that are 
available in GIS programs, which generally 
maintains the shoreline geometry while ‘buffering’ 
the ASCE from the baseline. Figure 4 shows an 
example of the beach shoreline ASCE lines that 
have been offset from the vegetation line for a range 
of probabilities of exceedance including likelihood 
band. For consolidated cliff shorelines the same 
approach is applied, with ASCE lines offset from the 
cliff toe.  
 
2.3 Limitations 
The existing mapping method of offsetting ASCE 
lines on a map has several limitations to the 
readability of the maps (i.e. presentation) and 
accuracy of the ASCE lines.   
 
Firstly, ASCE lines on a map are pre-defined 
scenarios, that represent specific sea level rise 
scenarios, timeframes and probabilities of 
exceedance, that may be required for land-use 
planning and regulatory purposes, such as inclusion 
in district plans. While there are typically a limited 
number of sea level rise scenarios and timeframes 
that are considered, the probabilities of exceedance 
range from 0 to 100%. The probabilities are typically 
selected corresponding to likelihoods derived from 
guidance documents, however, there may be 
additional uses of the information other than for 
regulatory setback lines. For instance, for 
adaptation planning risk assessments or for 
understanding potential impacts on a specific 
property or location. 

 

 
Figure 4   Example of resulting ASCE histogram with the 
resultant ASCE mapped at Waipu Cove, Northland 
(Source: [8]).  

For instance, a 5% exceedance probability may be 
mapped for a selected regulatory scenario to inform 
land-use planning rules, but a property owner or 
infrastructure manager may be willing to accept a 
higher exceedance probability that may have a 
lower consequence. 
 
Secondly, a large number of lines on a map to 
represent a large number of scenarios or 
probabilities is visually confusing with different line 
colours and line styles starting to look alike. It can 
be hard to figure out what line represents what 
scenario, and what scenario to consider due to the 
large number of options available.  
 
Thirdly, representing erosion extents as raster 
datasets will enable GIS-based probabilistic risk 
assessments to be undertaken. This data could be 
used to help generate risk and exposure data for 
councils and communities undertaking adaptation 
planning where existing property and infrastructure 
is projected to be at risk. Detailed information is 
critical to help communicate future scenarios and 
inform long-term decision making, where adaptation 
planning options such as managed retreat can have 
large consequences for landowners. Raster-based 
presentation of erosion extents would also be of 
value to the insurance and finance industries given 
the global movement toward climate-related 
financial disclosure. 
 
Finally, ASCE lines for cliffs are largely dependent 
on the cliff slope angle and cliff height and selecting 
a single cliff height may not accurately represent the 
resulting ASCE. This is a result of the typically 
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varying cliff height along shore, but also the variable 
backshore levels landward of the cliff crest. A 
method that is often applied to resolve this is to split 
up the shoreline in alongshore cells representing a 
similar cliff height and estimating the backshore 
levels considering the cliff slope angle. However, 
this may not be feasible for a large length of 
shoreline where the cliffs vary considerably in height 
and backshore levels. 
 
3. Development of mapping methods 
The existing assessment and mapping methods, 
including their limitations set out in previous 
sections have been considered to establish 
improved mapping methods. Firstly, an improved 
mapping method for cliffs is presented to improve 
the accuracy of the ASCE lines in areas of irregular 
topography. Secondly, an alternative to mapping 
multiple scenarios is presented in the form of raster 
maps. 
 
3.1 Cliff projection method 
The cliff projection method maps ASCE points at a 
selected alongshore interval by projecting the 
selected slope angle into the topography (e.g. a 

Digital Elevation Model) from the future toe position. 
The intersection point between the projected slope 
and cliff profile is the resulting ASCE distance. A 
schematisation of this method is shown in Figure 5. 
The projected ASCE points can subsequently be 
connected alongshore to form the ASCE lines (see 
example in Figure 7.  
 
This cliff projection method is a quasi-probabilistic 
method, where toe erosion is probabilistic, and the 
instability component is profile specific for a defined 
stable angle. Although this method is not full 
probabilistic as a single slope is projected into the 
topography, the resulting ASCE is defined more 
accurately as the actual cliff height and backshore 
levels (i.e. cliff profile) are implicitly incorporated.  
 
The quasi-probabilistic method has recently been 
applied on a local-scale for a select number of sites 
within the Northland region in 2020 [12]. In addition, 
the cliff projection method has recently been applied 
on a regional-scale for the entire Auckland region in 
2021 by projecting cliff slopes from a 
deterministically determined future cliff toe [7]. 

 
Figure 5   Schematisation of quasi-probabilistic cliff projection approach. The toe erosion is shown as a distribution, with a 
selected slope angle projected from a selected future toe position. 

 
Figure 6   Schematisation of full probabilistic cliff projection approach. The toe erosion is shown as a distribution, with a 
randomly sampled slope angle projected into the cliff profile, which is repeated 10,000 times to derive a resulting ASCE 
distribution for cliffs
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An example of the difference with a traditional 
‘buffer’ method is shown in Figure 7. This shows 
that the projection method results in both larger and 
smaller distances, however, provides more realistic 
lines. At the western end (left) of the figure the 
backshore is sloping upward and therefore resulting 
in larger ASCE distances using the projection 
method. Moving eastwards (to the right) the cliff 
height then drops, which results in a smaller ASCE 
distance. Subsequently, the cliff height increases 
and backshore sloping upward, resulting in a larger 
ASCE distance compared to using the buffer 
method. 
 

 
Figure 7   Example of cliff ASCE mapped using the buffer 
method and the cliff projection method at Stanmore Bay, 
Auckland. 

In order to upgrade the quasi-probabilistic method 
to a full probabilistic method, the cliff slope angle 
needs to be randomly sampled as well and then 
projected into the cliff profile, with this process 
repeated 10,000 times. This will result in a 
distribution of ASCE for cliffs. Figure 6 shows a 
schematisation of the full probabilistic method. 
 
For the full probabilistic method both the cliff toe 
erosion component (including effects of sea level 
rise) and cliff slope components require a 
distribution as input rather than a single slope for the 
cliff slope component. Distributions such as a 
triangular distribution including minimum possible, 
maximum possible and most likely values or a more 
statistical distribution such as a normal distribution 
could be used as input.  
 
The advantage of this method is that it further 
refines the ASCE and provides a distribution of 
resulting ASCE rather than single lines. As the 
randomly sampled cliff slope is projected from a 
randomly sampled cliff toe erosion distance, this 
method could be considered as a joint-probability 
method. 
 
3.2 Raster based mapping 
If ASCE are assessed using a fully probabilistically 
method, a raster-based mapping approach can be 
adopted to spatially visualise the resulting erosion 
probability. Rasters are comprised of grid cells that 

include information on exceedance probability in 
every grid cell and show the full probabilistic range 
of the resulting ASCE across shore. An example of 
a raster map is shown in Figure 8. 
 
Figure 8 shows an example raster with the varying 
probability of exceedance as a gradient of red (i.e. 
the darker the red the larger the probability of 
exceedance). A histogram and corresponding 
distribution of the resulting ASCE distribution have 
been included for context.  
 
The raster-based approach has the benefit of 
providing information on erosion at all locations on 
the map, without overlaying multiple lines that 
represent specific probabilities. Furthermore, a 
single ASCE can still be derived from the raster map 
for a preferred exceedance probability. 
 

 
Figure 8   Example of raster ASCE mapped for an open 
coast showing spatial extent of erosion and 
corresponding probabilities of occurrence and shows the 
resulting histogram for reference purposes. A visual 
representation of a pop-out table (when clicking on the 
blue cell) including probabilities of exceedance for a range 
of scenarios is included. Refer to Table 1 for example. 

 
In addition to a raster map representing a single 
scenario, such as shown in Figure 8, a number of 
scenarios can be considered and included in a 
single raster map. Information on exceedance 
probabilities for a range of scenarios can be 
obtained by clicking on the desired location/cell with 
table popping up showing all attributes. This is 

Table 1 
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visualised in Figure 8 with an example of attributes 
shown in Table 1. 
Table 1   Example of the likelihood of ASCE exceedance 
for a range of timeframes and sea level rise associated 
with each raster cell (i.e. as shown in Figure 8) 

 Sea level rise 
Timeframe 0.5m  1m  1.5m  2m  
2050    1% 
2080  5% 8% 12% 
2100 15% 20% 23% 28% 
2130 25% 30% 33% 40% 

 
Table 1 shows an example ASCE information table 
for a range of timeframes and sea level rise 
increments. This provides information on at what 
timeframe and sea level rise scenario the location of 
interest may be susceptible to coastal erosion and 
what the corresponding exceedance probability is. 
For instance, at 2050 and 2080 for 0.5m sea level 
rise the location of interest is not susceptible to 
coastal erosion based on the analysis undertaken. 
At 2100 and 2130 for 0.5m sea level rise there is a 
15% and 25% probability, respectively, that the 
location of interest is susceptible to coastal erosion. 
 
A raster map including information on a range of 
scenarios would assist in making better decisions 
for a location of interest as all information on 
exceedance probabilities is readily available. It 
would furthermore make easier and clearer 
compared to looking at map with many lines. 
 
4. Implementation 
It is possible to map single rasters on hard copy or 
digital maps, however, this would still result in a 
large number of maps. A preferred method is to 
present these rasters in the form of a geospatial web 
tool. 
 
A geospatial web tool would allow councils and 
community stakeholders to view and use the ASCE 
information in an interactive manner. Councils 
would likely use the tool to set planning rules and to 
make informed decisions about assets that may 
potentially be at risk. By viewing multiple timeframes 
and sea level rise scenarios at the same time as 
understanding exceedance probabilities would 
enable them to make better decisions.  
 
Community stakeholders may be more interested in 
single properties and understand what the erosion 
susceptibility of their property is for certain 
scenarios (e.g. very likely, >90% probability of 
exceedance, or very unlikely: <10% probability of 
exceedance). In addition, a webtool could be used 
at community engagement discussions. This would 
improve the quality of these meetings as the 
webtool provides all the information in a single 
window rather than scrolling through a number of 
maps.  

5. Summary 
This paper has set out the development of improved 
methods to map coastal erosion extents. Maps of 
areas susceptible to coastal erosion or erosion 
hazards are typically produced in the form of hard 
copy maps showing aerial photographs overlain by 
erosion susceptibility/hazard lines. This is a legacy 
of single erosion hazard distances that have 
traditionally been derived using a ‘building 
block’/deterministic approach. More recently, 
coastal erosion susceptibility distances have been 
assessed probabilistically to account for 
environmental and data uncertainty, however, 
despite the improved assessment approach, single 
coastal erosion susceptibility/hazard lines are still 
being mapped for selected probabilities of 
exceedance, scenarios and timeframes.  
 
Existing erosion assessment and mapping methods 
have been summarised in this paper for context on 
how mapping methods can be improved and to 
understand the existing limitations. The main 
limitations of linear representation are that lines 
correspond to predefined probabilities, which may 
not adequately suit the needs of community 
stakeholders, multiple lines shown on a map can 
also make the readability poor. Linear 
representation of lines does not enable spatial 
probabilistic risk assessments, which can offer 
useful information for adaptation planning 
processes and risk disclosure. Another limitation for 
cliff shorelines is that lines using the buffer method 
may not accurately represent the resulting extent 
where the cliff height varies along shore and the 
backshore levels landward of the cliff crest vary 
across shore. 
 
The existing assessment and mapping methods, 
including their limitations have been considered to 
establish improved mapping methods. Firstly, an 
improved mapping method for cliffs is presented 
that improves the accuracy of the lines. The cliff 
projection method maps points at a selected 
alongshore interval by projecting the selected slope 
angle into the cliff profile from a future toe position. 
The intersection point between the projected slope 
and cliff profile is the resulting extent, which can be 
connected alongshore to form the lines. Both a 
quasi-probabilistic method (i.e. projecting a single 
selected slope into the cliff profile) and full 
probabilistic method (i.e. randomly sampling cliff 
slope angle and then projected into the cliff profile, 
with this process repeated 10,000 times) have been 
presented. 
 
Secondly, an alternative to mapping multiple 
scenarios is presented in the form of raster maps. 
Rasters are comprised of grid cells that include 
information on exceedance probability in every grid 
cell and show the full probabilistic range of the 
resulting erosion extent across shore. The raster-
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based approach has the benefit that anywhere on 
the map the exceedance probability can be 
obtained and would avoid the need to derive many 
lines representing predefined exceedance 
probabilities. This would also assist in making better 
decisions for a location of interest as all information 
on exceedance probabilities is readily available. It 
would furthermore make easier and clearer 
compared to looking at map with many lines. 
 
Finally, a suggested format for the raster maps is 
provided in the form of a webtool. A geospatial web 
tool would allow councils and community 
stakeholders to view and use the erosion 
information in an interactive manner. In addition, the 
geospatial web tool could be used to show other 
natural hazards, such as coastal inundation or 
groundwater hazards.  
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Abstract 
Maritime Constructions was awarded the contract to construct the New Esperance Jetty in late 2019. The 
construction contract award followed a lengthy process undertaken by the Shire of Esperance who having 
been granted approval from the State Government, sought to demolish the aged and unsafe existing tanker 
jetty structure and replace with a new architecturally designed replacement structure. The successful tender, 
submitted by Maritime Constructions, aimed to limit the reliance on marine-based plant and equipment (i.e. 
crane barges) as much as possible considering the active Southern Ocean conditions experienced in 
Esperance. A significant falsework system, comprising of a cantilevered pile guide and access, was designed 
and fabricated to aid the over-the-top construction method.  
 
Keywords: jetty, piling, construction 
 

 
1 Introduction 
The Esperance Tanker Jetty, constructed in 1934, 
formed an integral part of the economic 
environment of Esperance throughout the first half 
of the 20th century, providing an excellent facility to 
unload bulk fuel and load grain for export. With the 
construction of a land backed wharf in the 1960’s, 
the Tanker jetty was rendered obsolete for bulk 
export and imports; however, it has remained a 
popular location for residents and tourists for 
recreational activities. 
 
The Shire of Esperance called for tenders for the 
construction of a new steel and concrete jetty in 
2019 for which Maritime Constructions won the 
contract. This new Replacement Jetty, that has 
design elements approved by the Heritage Council 
(WA), will serve as a showpiece for the town of 
Esperance for years to come. 
 
2 Project Brief 
The contract included the supply and construction 
of all elements for the new town jetty at Esperance, 
including: 

• Fabrication and supply of jetty materials, 
including steel piles, steel superstructure 
elements, precast concrete deck panels, 
Jarrah timber decking and architectural 
elements, jetty furniture and fittings. 

• Installation of 98 new steel jetty piles 

• Installation of steel prefabricated headstocks 

• Construction of new 406m long jetty deck, 
including 100m of timber board decking and 
306m of precast concrete deck 

• Installation of sub-structure swimming platform 
at jetty head 

• Supply and installation of architectural 
interpretive elements primarily constructed 
from reclaimed jetty timbers.  

• Installation of solar lights and fish wash station 

 
3 Existing Design and Data  
The principals’ jetty design included 406mm 
diameter piles, typically 200x300 RHS headstocks, 
and two distinct deck types. The heritage section of 
the jetty was to be constructed from lighter steel and 
timber members, while the remaining length was to 
be precast deck beams above steel headstocks.  
 
The footprint of the jetty follows the curvature of the 
existing tanker jetty, and timber piles are left in the 
seabed. Therefore, new piles were positioned 
between the original bents. 
 
A low-level swimming platform is positioned at the 
head of the jetty and the jetty had many other 
features for a modern jetty, such as areas with lower 
handrails for disabled fishers. Architectural 
elements like benches, fish baiting stations, 
“Welcome to Country” bollards were built using 
timber from the original Esperance jetty, paying 
homage to the cultural significance of the original 
jetty. Welcome to Country artwork is shown in 
Figure 1 below. 
 

 

Figure 1: Welcome to Country Artwork 
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4 Falsework System 
The key challenge in the design of the falsework 
involved resolving the heavy construction loads, 
driven by a 50T crawler crane, while making 
minimal modifications to the permanent structure 
which was designed only for a typical pedestrian 
loading of 5kPa. This was further challenged by the 
fact that the jetty footprint was not straight, but on a 
non-regular curvature, and the deck was not of a 
single type, so an adaptable system needed to be 
created.  
 
The solution included three crane supporting 
structures denoted ‘Ladder Beams’, two crane 
tracks and a piling guide that fixed into the ladder-
beam string. Figure 2 below shows the arrangement 
of the ladder beam, the crane and the piling guide. 
 
The ladder beams were placed over the previous 
three bents (headstocks), the crane tracks spanned 
the ladder beams such that no crane/construction 
loads were imposed on the precast panels. 
 

 

Figure 2: Falsework system design drawings - 3D render 

 
The piling guide was a heavy, one-piece cantilever 
structure, designed to span 9.2m.  The guide was 
‘wet stored’ on the seabed. For pile driving, the 
crane would lift the pile guide, the top of which was 
bolted to the ladder beams and the bottom rested 
on the previous driven piles. Once the new piles 
were driven, boilermakers could access the pile 
tops using the piling guide to weld the headstocks. 
On completion of the headstocks, the piling guide 
was disconnected and placed on the seabed. 
 
Precast panels were delivered by barge and 
installed by the crane. The crane would then pick up 
the crane tracks and ladder beams behind it and 
place it in front, for the crane to track forward. 
 
The mass of the crane was used to an advantage, 
providing a heavy counterweight against the load of 
the raked piles in the guide. 
 
At the end of the project, the pile guide was returned 
to shore by barge, and the crane, using the ladder 
beams and crane tracks, tracked back to shore, 

bent by bent.  It took 3 days to get the crane off the 
jetty.  Once the crane was removed, installation of 
the handrails and jetty furniture could be started. 
 
5 Modifications to Existing Design 
A measured redesign of the piles was required to 
achieve the final construction method. This included 
modifications to the pile set out, final embedment 
depths, and pile wall thickness. Pile diameter was 
not changed for aesthetic reasons associated with 
the heritage approvals.  
 
The preliminary geotechnical data showed variable 
strata and risk of poor piling conditions for increased 
axial loading. Rather than oversupplying pile 
lengths with significant contingency, a variety of 
mitigation measures were devised and would only 
be used if required to encourage higher axial 
compression resistance.   
 
6 Construction and Early Piling Results 
All piles being driven make use of Maritime 
Constructions’ IHC S-30 impact piling hammer. 
 

 

Figure 3: Driving the first jetty new pile from the revetment 

 
The initial 2 bents (4 piles) were driven from the 
existing earth revetment and using a simpler pile 
guide (Figure 3). Two of the initial piles were 
procured approximately 6m longer than required to 
act as investigative drives and calibrate the seismic 
data on hand. 
 
Early piles showed that geotechnical conditions 
were poor and mitigation measures were required 
immediately to increase the pile resistance against 
the high axial compression loads from the crawler 
crane. It became evident that early piles were not 
plugging, and the axial compression load was being 
provided only from the (relatively low) skin friction 
and small area of end-bearing.  
 
Accordingly, the primary method of increasing axial 
resistance (in compression) was to include a 
blanking plate inside the hollow tube pile. The plate 
was to engage during the drive to ensure a plug is 
formed inside the pile – producing greater 
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resistance by engaging a much larger area of end-
bearing.  
 
7 Discussion 
The use of blanking plates was progressively 
refined throughout the duration of the project to 
improve axial capacity of driven piles. Initially, 
“partial” blanking plates were used which had 
approximately 50% closure. Whilst capacity was 
met with this partial closure, this was only achieved 
following the maximum target embedment of piles.  
 

 

Figure 4: Pitching a raked pile into position at bent 7, 
using the full suite of falseworks 

 
Accordingly, a “complete” blanking plate was 
inserted near to the toe of the pile returning far 
better axial capacity for a given length of embedded 
pile.  Following the improved results from adopting 
a complete blanking plate, the project concluded 
with all piles adopting a complete blanking plate. 
Typical pile length was 22 metres with a 20mm thick 
blanking plate inserted and welded 1.5m from the 
toe. Pile embedment was typically 13m. 
 
Figure 4 above provides a good visual of the full 
suite of falseworks in operation for a typical piling 
cycle. The crane ladder beams over the jetty spans 
and the pile guide taking support from the ladder 
beams and the previous bent of driven piles. 
 
8 Conclusion 
The ‘over-the-top’ falsework system and piling 
methodology were instrumental in ensuring the 
project was completed on time and on budget, 
despite the challenges faced by COVID19 and 
environmental conditions, such as high winds. 
Maritime Constructions is proud to have delivered 
this complex piece of maritime infrastructure with 
high quality and no LTIs. 
 
The Shire of Esperance held a major jetty opening 
function on 28 March 2021. 
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Abstract 
While the majority of tsunamis are generated by undersea earthquakes, a variety of other mechanisms can 
also trigger tsunamis. One of these is submarine landslides, which can themselves be triggered by 
earthquakes, and dual-source tsunamis, such as the Aitape tsunami in Papua New Guinea in 1998, are well-
known. Submarine landslide-generated tsunamis differ somewhat from earthquake generated tsunamis. They 
can be catastrophic, causing wave heights tens of metres high, but their affects tend to be more localised than 
earthquake-generated tsunamis.  
These differences mean that, often, wave dispersion effects need to be included in modelling and that the 
standard Saint Venant (nonlinear, shallow water) equations that are appropriate for transoceanic tsunamis 
might not suffice. We consider a two-layer landslide generated tsunami model which models the overlying 
water using the Serre-Green-Naghdi (Boussinesq) equations in order to capture these dispersive effects and 
show that it produces a closer fit to laboratory experiments. 
The Kaikōura tsunami of 14 November 2016 was predominantly caused by shore-crossing and offshore fault 
rupture but, south of Kaikōura Peninsula, Goose Bay and Oaro Bay had anomalously high run-up 
measurements that have yet to be explained by seismic sources. The earthquake also generated a significant 
turbidity current that travelled over 680 km down the Hikurangi Channel. Comparison of bathymetric surveys 
of the Kaikōura Submarine Canyon before and after this event show that around 9.4 x 108 m3 of sediment was 
eroded from the canyon floor and more was lost from the walls of the canyon. We model this sediment failure 
using our two-layer model and show that this can capture much of the unexplained run-up. 
 
Keywords: submarine landslides, tsunamis, coastal hazards, Kaikōura 2016 tsunami. 
 
1. Introduction 
After earthquakes, landslides are the second most 
common source of tsunamis, with around 7-8% of 
the recorded historical tsunamis having landslides 
cited in their generation mechanism [14]. Around 
4% of tsunamis are ascribed to a combination of 
earthquake and tsunamis. Many of the most well-
known examples of submarine landslide (SMLS)-
generated tsunamis (e.g. Grand Banks, USA 1929 
[8]; Flores Island Indonesia 1992 [6]; and Aitape, 
Papua New Guinea 1998 [45]) were initially 
triggered by earthquakes. These tsunamis are 
characterised by extremely high wave heights 
(greater than ten metres) in relatively localised 
areas (tens of kilometres). SMLS-generated 
tsunamis can cause more regional effects (e.g. 
Storrega Slide [28], Currituck Slide [9]) but far larger 
volumes need to be displaced for this to occur (100s 
to 1,000s of cubic kilometres) and so these events 
are far rarer. Several other seismically generated 
tsunamis may have also had a component of SMLS 
in their generation mechanism, [20] e.g. 1945 
Makran tsunami [15], 1964 Alaska tsunami [5], and 
the 2011 Tohoku-okii tsunami [44]. 
Initialisation of SMLS-generated tsunamis is more 
difficult than seismic sources because they tend to 
occur more slowly, and the landslide can potentially 
interact with the tsunami wave during the generation 
phase [29]. Furthermore there may be complexity in 
the way the landslide fails which may enhance or 

reduce the tsunami generation potential [29, 30]. 
Initialisation as an instantaneous change in water 
level (as is used for seismic tsunamis via [35]) may 
not be appropriate. A range of modelling techniques 
have been used to capture the generation of 
tsunamis due to SMLS. Full three-dimensional 
modelling of the landslide and the water has been 
done previously but is extremely computationally 
expensive [1, 27]. Many simplified initialisations 
have also been used. These range from specifying 
the removed volume as an instantaneous change in 
height [47], using predeveloped initialisation 
conditions such as TOPICS [7, 48], using two-
dimensional vertical-slice models [17, 22], 
specifying the bottom motion with a Kajiura filter 
[19], through to two-layer models [18, 31, 41]. See 
[29] for further details on modelling approaches. 
While seismic tsunami waves generally have waves 
lengths on the order of tens of kilometres, SMLS-
generated tsunami waves have much shorter 
wavelengths. Frequency dispersion effects play a 
far larger role in propagation and thus the Saint 
Venant (SV, non-linear shallow water) equations 
may not be appropriate for modelling propagation of 
SMLS-generated tsunamis [10]. In these cases, 
dispersive solvers, like the Serre Green Naghdi 
(SGN, Boussinesq) equations, may be required to 
correctly capture propagation and inundation. 
In Section 2 we give an overview of the Kaikōura 
region and the 2016 Kaikōura earthquake and 
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tsunami. We document the landslides that occurred 
because of this earthquake including 
measurements of the changes in the seafloor that 
occurred around Kaikōura Canyon. We use these 
measurements to infer the thickness and location of 
the erodible material in the landslide tsunami model. 
In Section 3 we consider the use of two-layer 
models for simulating the generation of tsunamis by 
SMLS. We compare two models with laboratory 
experiments and show that a dispersive model is 
needed for the water to correctly capture the waves. 
In Section 4 we use the dispersive two-layer model 
to simulate the SMLS and the resulting tsunami for 
the 2016 Kaikōura event.  
2. Kaikōura earthquake and tsunami 
2.1 Geological setting 
Figure 1 shows a map of locations of interest 
mentioned in the paper. Kaikōura lies at the 
southern end of the Marlborough Fault Zone - a 
complicated transitional zone between the 
Hikurangi Subduction Zone (where the Pacific 
Tectonic Plate is being subducted under the Indo-
Australian Tectonic Plate) and the Alpine Fault 
(where the two plates meet as a right-lateral 
transform fault). Faults in this region are 
predominantly strike slip or transpressional. It is 
uncertain how far the Hikurangi Subduction Zone 
extends beneath the Marlborough Fault Zone [42]. 
The Kaikōura Canyon lies offshore directly to the 
south of the Kaikōura Peninsula. It incises deeply 

into the continental shelf, with the canyon head 
coming within 500 m of Goose Bay and the 
bathymetry dropping from 100 m to 1,000 m depth 
in the space of a few kilometres. Bathymetric 
surveys show evidence of past landslides on the 
flanks of the submarine canyon [33]  and the canyon 
is considered the primary sediment source for the 
Hikurangi Channel which winds over 1,500 km 
northeast to the Hikurangi Trough [25]. Previous 
research had identified SMLS-generated tsunamis 
in the Kaikōura Canyon as a potential hazard [47]. 
2.2 2016 Kaikōura earthquake 
The Kaikōura earthquake occurred at 12:02:56 am 
on November 14, 2016 (NZDST, 11:02:56 am on 
November 13, 2016 UTC). Although the epicentre 
was near Waiau, approximately 32 km inland from 
the coast, the earthquake propagated northwards 
over 150 km, and triggered rupture on at least 21 
faults [26, 43]. The earthquake caused significant 
uplift (up to 6 m) along the shoreline from Oaro 
through to Cape Campbell. Several offshore or 
shore-crossing faults, including the Hundalee, 
Papatea (offshore Clarence River Mouth) and 
Needles Faults (offshore Cape Campbell) ruptured 
during the event. Whether the Hikurangi Subduction 
also ruptured is an open science question [2, 13].  
2.3 Tsunami 
The tsunami generated by the 2016 Kaikōura 
earthquake was observed on tide gauges over 
much of the central east coast of Aotearoa New 

 
Figure 1 Map of locations of interest in this paper. The larger figure shows Central Aotearoa New Zealand including 
the epicentre of the Kaikōura earthquake, the inset shows locations around Kaikōura. 
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Zealand, from Castlepoint to Timaru and offshore to 
Chatham Islands [4, 40] and a cottage was 
destroyed in Banks Peninsula [23]. Runup above 
ordinary tide levels was measured at locations from 
Cape Campbell to Banks Peninsula with the largest 
values being measured at Goose Bay and Oaro. 
Tsunami modelling of the event can replicate the 
observed timeseries and run-up heights relatively 
well [2, 12] but cannot capture the runup values 
measured directly south of Kaikōura around Goose 
Bay and Oaro (e.g. Figure 10 from [12]).  
[15] identify high frequency signals in some of the 
timeseries which they ascribe to SMLS-generated 
tsunami and [16] posit a 5 km3 landslide occurring 
to the north of Kaikōura approximately 10-20 
minutes after the earthquake. This interpretation, 
however, causes anomalously high runups to the 
north of the Kaikōura Peninsula, while still not 
capturing the observed high runup to the south. 
Offshore geological observations do not show 
evidence of a large SMLS in that location. 
Additionally, the Papatea Block, that was uplifted 
near the Clarence River mouth, has dimensions 
similar to their hypothetical landslide and so could 
have caused waves with similar frequency [24].  
2.4 Submarine landslides 
Although the [16] SMLS scenario is not plausible, 
there is evidence of extensive SMLS in Kaikōura 
Canyon triggered by the 2016 Kaikōura earthquake 
[34]. Sediment deposits from turbidity currents 
mobilised by the event were measured over 680 km 
downstream in the Hikurangi Channel four days 
after the earthquake. Multibeam sonar surveys of 
Kaikōura Canyon from before and after show the 
extensive changes that occurred following the 
earthquake [34].  
Figure 2 shows the results of differencing the two 
surveys in the canyon floor. Around the rim of the 
canyon shallow landslides in 30-100 m water depth 
released approximately 30 million m3 sediment 
along 30 km of the canyon rim (the region indicated 
by green dots in Figure 2). In the canyon heads and 
deeper (>600 m water depth) at least 1 km3 of 
sediment is calculated to have been released 
generating the long runout turbidity current. 
Significant changes occurred through the canyon 
including erosion deposition and sediment wave 
migration. Analysis of pre- and post-earthquake 
bathymetric data does not show any evidence of 
large-scale submarine landslides outside the 
canyon floor area. 
3. Method 
We describe the numerical modelling suite used in 
this paper along with the specifics of the two-layer 
model used to initiate the SMLS and show how the 
dispersive version of this model better capture 
experimental results compared to a non-linear 
shallow water version. 

3.1 Numerical model 
Basilisk is a highly flexible partial differential 
equation (PDE) modelling suite based on quad-tree 
(in 2D and oct-tree in 3D) grids, allowing for rapid, 
on-the-fly, adaptation of the grids [37]. A number of 
different PDE solvers can be used within the 
modelling suite depending on what is being 
modelled including the Saint Venant (SV) Equations 
the Serre-Green-Naghdi (SGN) Equations [38] and 
multi-layer hydrostatic and non-hydrostatic 
equations [39] and the Navier-Stokes Equations. 
Basilisk and its predecessor, Gerris, have been 
used to model a wide range of geophysical fluid 
phenomena including tsunamis [36], waves [3], 
floods [21], and turbidity currents [49].  

 
Figure 2 Map of bathymetry around Kaikōura Canyon. 
Colour scale shows the difference between the multibeam 
bathymetry surveys where positive values indicate 
material removed by landslides during the Kaikōura 
Earthquake. Green dots along the canyon rim indicate 
regions where SMLS occurred, red where they didn’t. 
3.2 Two-layer model for submarine landslides 
Two-layer models have frequently been used for 
previous modelling of SMLS-generated tsunamis 
[31, 41]. These models feature two immiscible 
layers. The bottom layer of the model represents the 
landslide, the top layer, the water. The landslide 
layer is often modelled as a dense, viscous fluid but 
other rheologies have also been considered, e.g. 
[18]. The overlying water layer affects the evolution 
of the landslide and the water layer is in turn 
affected by the bottom layer similarly to a moving 
bottom boundary. 
Most two-layer models for SMLS-generated 
tsunamis have assumed the water layer is 
essentially modelled by the SV. While this captures 
much of the water motion, it misses the frequency 
dispersion effects. To compensate for this, we have 
developed a two-layer model where the upper layer 
is modelled using the SGN equations to capture 
these effects. We will refer to these two-layer 
models as the SV model and the SGN model 
respectively in the rest of the paper. Further 
information on these two models, including the 
equations used, can be found in [32]. 
Both the two-layer SGN and SV models were 
benchmarked against laboratory experiments, 
which simulate a SMLS-generated tsunami [11]. 
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Figure 3 shows that the SGN model has good 
agreement with observed water level within the 
validation experiment. The SGN model can 
replicate the shape and extent of the initial two 
waves well, with a slight over-prediction of initial 
wave height. The predicted trailing waves have 
slightly slower speeds than observed values. 
However, the wave shapes are relatively well 
represented. The SGN two-layer model has an 
average relative error of 14.6%. We compare this 
with the SV model, which was able to replicate the 
height of the initial wave but not the shape nor the 
following wave train. This demonstrates the 
importance of incorporating dispersive terms when 
modelling SMLS-generated tsunami and the 
suitability of the SGN two-layer Basilisk model for 
this task. Further information on the validation of the 
SGN two-layer model will be provided in a dedicated 
future publication. 

 
Figure 3 Comparison of SV- and SGN-two-layer models 
against observations at gauge locations. Although both 
models have similar wave heights, the SGN-model does 
a far better job of capturing the wave train. 
3.3 Modelling set-up 
The SGN two-layer model is used to model the 
Kaikōura Canyon and surrounds. The domain is 64 
km x 64 km extending from 1,630,000E 5,270,000N 
(NZTM) in the southwest corner. The adaptive grid 
is set with a maximum refinement level of 11 giving 
the highest resolution of the cells as 31.25 m. The 
bathymetry is a blend of multibeam sonar over the 
canyon and other NIWA bathymetric data while the 
topography is made up of LiDAR and Shuttle Radar 
Topography data. The landslide layer is initialised 
from results from the multibeam differencing to 
identify landslides along the rim of the canyon and 
in the canyon floor. The region along the rim of the 
canyon which slid during the earthquake is 
initialised as a constant 2.2 m depth of erodible 
material. This represents 3.1x107 m3 of material. For 
the canyon floor the actual differenced values are 
used to identify the erodible material. In places 
where the difference between the 2017 and 2013 
surveys is negative (i.e. the bed has been eroded 
away), this eroded depth is used as the depth of the 
erodible layer. In all other places the erodible layer 
is set to zero. This represents 6.03x108 m3 of 
erodible material on the canyon floor. The water 
depth above this erodible layer is set so that the 

water level in the domain is mean sea level. Outflow 
boundary conditions for the water layer are set on 
the northern, eastern, and southern boundaries.  
This is a lower bound estimate of the erodible 
material, as we only consider areas where the net 
change in bathymetry was negative, meaning 
material was definitely eroded away. Some areas 
where the net change was zero or even positive 
may have had some material eroded but then been 
infilled by material from further up the canyon, or the 
amount of material that was eroded may have been 
larger but the net amount reduced because of infill. 
4. Results 
Figure 4 shows the landslide depth and wave 
heights for two, four and six minutes after the start 
of the simulation. Figure 5 shows the maximum 
wave height in the region directly south of the 
Kaikōura Peninsula. 
The landslide material on the wall of the canyon 
quickly falls and gathers in the side canyons and 
then augments the material on the floor of the 
canyon. Material from the various side canyons 
coalesces in the main canyon and then moves down 
the canyon floor as a single mass. The biggest 
waves are generated by the initial landslide 
movement. Because there are multiple areas where 
landslides occur, all these locations start small 
tsunamis that coalesce together. The frequency 
dispersion of the SGN model creates a train of 
waves rather than a single wave for each 
disturbance. These then interact with each other 
and the bathymetry and topography to create very 
localised patterns of inundation. Further away from 
the landslide the waves are more cohesive. 
The maximum wave heights are very localised in 
their intensity. Coastline within 20 km of the canyon 
may see significant runup but further away wave 
heights rapidly drop off. Even within this region, the 
runup patterns are not constant but are very 
dependent on the location of the landslide as well 
as the local bathymetry and topography. Oaro 
shows significant runup, as does the south of 
Kaikōura Peninsula. The northern end of Goose 
Bay shows up to four metres of runup. 
Waves with amplitudes on the order of tens of 
centimetres in height with periods of around five 
minutes reached the Kaikōura gauge around ten 
minute after initiation of the slide which could 
explain the energy seen at this period in the tide 
gauge (Figure 3 in [40]), although this could also be 
due to smaller-scale seismogenic tsunami forcing 
from the Hundalee or Papatea faults. 
5. Discussion 
The landslide modelling shows that the results of a 
tsunami generated by a SMLS of this size are 
mostly confined to the local region around the slide 
and that, even within this area, there can be 
considerable variation. This corroborates with 
evidence from runup measurements [40] which 
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show nearby locations south of Kaikōura varying in 
runup height between 2 – 7 metres. While we have 
multibeam sonar of the bathymetry in the area and 
LiDAR for above water topography, our estimates 
for amount of the material that eroded during the 
event represent a minimum amount. There is also 
uncertainty in timing of the SMLS. The fault rupture 

occurred over a couple of minutes and, while the 
nearby Hundalee or Papatea Faults are most likely 
to have triggered the SMLS, later aftershocks have 
triggered SMLS in other events e.g. [46]. The small 
size of the offshore extents of the Hundalee and 
Papatea faults could also have played some part in 
these local effects, although seismic tsunami 

Figure 4 Landslide depth (left hand side) and wave heights (right hand side) for 2,4 and 6 minutes after the landslide starts moving 
with 100m bathymetry contours shown in the background. A pulse of landslide material can be seen to move down the canyon. The 
largest waves are initiated toward the top of the canyon in the shallower water. 
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modelling including these faults has yet to capture 
all the runup in this region. A direct comparison with 
observed runup is difficult because the SMLS-
generated tsunami would have occurred on top of 
the seismic tsunami and so the runup observed at 
nearby locations would be a combination of the two. 
Depending on the timing, this could have been 
constructive or destructive. This modelling does 
show significant runup heights in Oaro Bay and on 
the north side of Goose Bay where the largest 
runups where observed in field campaigns.  

 
Figure 5 Maximum wave height from SMLS-generated 
tsunami in region south of Kaikōura Peninsula. Wave 
heights at the coast show a lot of spatial variability even 
over this small region but can reach up to 5 m locally. 
6. Conclusions 
We show that the SGN model resolves SMLS-
generated tsunamis better than the SV model.  
We then use differencing from pre- and post-
earthquake multibeam bathymetry data and a two-
layer SGN model to simulate the SMLS-generated 
tsunami that occurred during the Kaikōura 
Earthquake. This shows significant localised runup 
to the south of Kaikōura and a 5-minute period 
signal at the Kaikōura wave gauge. The 
anomalously high runup observed in this region 
could represent constructive interference from this 
local tsunami riding on top of the seismic tsunami. 
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Abstract 
Following the 2010/2011 Christchurch earthquake sequence, large cruise vessels could no longer berth at 
Lyttelton Port due to damages to wharf infrastructure. To bring back the cruise ship market and support the 
economic wellbeing of Christchurch, Lyttelton Port Company (LPC) embarked upon the design and 
construction of a purpose-built cruise facility in 2017. An initial concept design was developed but pile driving 
noise was assessed as a threat to resident Hector’s dolphins (Cephalorhynchus hectori hectori) which 
presented significant challenges to construction of the berth. Hector’s dolphins are endemic to New Zealand 
waters and are classified as nationally endangered.   
 
Several months were spent redesigning the wharf, which resulted in a much smaller structure, with smaller 
and less piles. This new design reduced the underwater noise levels during construction by over 90%. Even 
though the noise levels had been significantly reduced with the redesign, LPC sought to further minimise noise 
impacts on Hector’s dolphins by incorporating best practice management into the construction activities.  
 
LPC relied on marine mammal scientists and underwater acousticians to devise an acoustic monitoring 
network, the first ever to be operated in a New Zealand port. These specialists also helped develop an industry 
leading Marine Mammal Management Plan (MMMP) for LPC which included provisions for a marine mammal 
observer, 450m mitigation zone, procedures to shut down if dolphins were sighted within the zone and soft 
starts to give the dolphins a chance to leave the area before full piling commenced.  
 
This is a great example of designing and constructing for nature and this paper will provide an overview of how 
LPC partnered with scientists to provide effective management of an endangered species while allowing 
development of the Port to continue.  
 
Keywords: Hector’s dolphin, noise, mitigation zone, piling, marine mammal management plan 
 
1. Introduction 
Lyttelton Port Company (LPC) completed New 
Zealand’s first ever custom-built cruise ship berth in 
November 2020. While COVID-19 border 
restrictions have impacted the 2020/21 cruise 
season, the berth can cater for the world’s current 
largest international cruise ships – the Royal 
Caribbean Oasis Class range. The berth is 
designed to the latest seismic design code, 
ensuring safe mooring for vessels in 
Whakaraupō/Lyttelton Harbour wind and wave 
conditions. 

One of the key challenges for the berth construction 
was managing the noise impacts of pile driving on 
marine mammals, notably Hector’s 
dolphins/tūpoupou (Cephalorhynchus hectori 
hectori). Hectors’ dolphins are the predominant 
marine mammal species found in and around 
Whakaraupō/Lyttelton Harbour and are endemic to 
New Zealand waters.  

Banks Peninsula has one of the highest 
concentrations of Hector’s dolphins around the 
South Island and over warmer summer and autumn 
months, animals move closer to the shore and 
spread into most bays and harbours, including 
Whakaraupō/Lyttelton Harbour [1]. Hector’s 
dolphins are on the endangered list both nationally 

and internationally and a marine mammal sanctuary 
exists to protect them from commercial and 
recreation gill net fishing. 

Dolphins rely on underwater sounds for 
communication, orientation, predator avoidance 
and foraging. They become accustomed to the 
typical sounds in their environment, and at a low 
level these are not harmful. As noise levels increase 
there can be adverse effects to dolphins depending 
on the level and the frequency of the noise including 
[2]: 

• Changes in their behaviour including surfacing 
or diving pattern, changed vocal behaviours, 
habitat avoidance; 

• Masking of important noise signals; 

• Temporary auditory shifts (TTS; temporary 
hearing threshold shift); and 

• Permanent injury (PTS; permanent hearing 
threshold shift). 

This paper provides the background on the work 
undertaken by LPC and the marine mammal and 
acoustic experts it engaged to ensure that noise 
effects on Hector’s dolphins were effectively 
managed and mitigated during the construction of 
the cruise berth.  
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2.        Designing for Nature 
Several layout and engineering options were 
considered for the cruise berth during the concept 
design phase starting in 2017. A consent application 
was submitted to the local regulator for a 322m long 
wharf comprising (Figure 1):  

• A 185m long concrete deck wharf (operational 
wharf) with a 10m wide berthing face, 
constructed on 900mm diameter piles.  

• A 137m long by 10m wide combined 
berthing/mooring structure located to the west 
of the main wharf structure constructed on a 
combination of 900mm and 1200mm diameter 
piles. 

When LPC lodged the cruise berth consent, the 
company was progressing through a consent 
hearing for the Te Awaparahi Bay Reclamation 
construction, which included a 700m long piled 
wharf. The evidence and discussions on underwater 
noise and effects on Hector’s dolphins that came to 
light during that hearing indicated that it would not 
be possible to effectively mitigate TTS effects for 
dolphins from the piles LPC was proposing to use 
on the cruise berth.  

The original concept design required the use of 
1200mm diameter piles and acoustic modelling of 
the underwater sound levels showed that significant 
underwater noise from piling activities would cover 
a large proportion of the harbour (Figure 2) [3].  

The consent processing for the cruise berth was 
halted and the application withdrawn. Many months 
were spent redesigning the wharf. LPC weighed up 
different options, including using screw piles which 
are quieter underwater, but due to the deep and soft 
muds of the harbour seabed, would not provide the 
strength required to create a seismically resilient 
wharf to berth larger cruise vessels.  

Figure 1 Spatial layout of the original concept design (bottom) and the smaller, redesigned wharf structure (top) which 
was constructed. 

Figure 2 Contour area comparing the area of 
Whakaraupō/Lyttelton Harbour affected by noise 
associated with 1200mm and 900mm diameter piles. 

Cruise Berth 
Location 
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Throughout the redesign process, the size and 
number of piles in the water was decreased to 
reduce noise during marine piling activities. The 
outcome was a much smaller structure, using 
900mm piles and less in-water piles (Figure 1). The 
number of marine piles was reduced from 123 to 64. 
When the model was rerun using 900mm piles and 
revised design, the potentially affected area of the 
harbour was reduced by 90% (Figure 2) [3].  

The significantly smaller wharf design also meant 
that a resource consent for construction was no 
longer required, as it was within the regulations of 
the Regional Coastal Environmental Plan. 
3. Protecting Hector’s Dolphins from 

Potential Noise Effects 
Even though a consent was no longer required, LPC 
sought to reduce the effects of noise on dolphins as 
much as possible and decided to implement the 
marine mammal mitigation measures that were 
developed and approved in the hearing process of 
the Te Awaparahi Bay wharf.  

To do this LPC engaged leading marine mammal 
scientists and acoustic engineers to work with the 
project Environmental Advisor to develop an 
industry leading Marine Mammal Management Plan 
(MMMP) [4]. Key aspects of the MMMP were: 
 
3.1 Marine Mammal Observation Zone 
A 450m marine mammal observation zone (MMOZ) 
was established for the project so that if dolphins 
were observed within this zone, all piling activities 
ceased immediately, or could not start up, until the 
animals vacated the zone. 

The size and location of the MMOZ shown in Figure 
3 was based on detailed underwater sound 
modelling which analysed the propagation of piling 
noise in the marine environment [3]. The MMOZ 
was set at the TTS threshold (where dolphin hearing 
could be temporarily affected).  

The TTS threshold is the distance at which the one-
hour cumulative Sound Exposure Level 
(SELcum(1hr)) occurs, measured at 146 dB re 
1µPa2s. The one-hour exposure duration reflects 
the short nature of the piling (2-4 hours typical) and 
is based on specific observations of Harbour 
porpoises, which are known to have similar hearing 
characteristics as Hector’s dolphins [5]. 

Calculated sound level values for behavioural 
change was also modelled.  

3.2 Marine Mammal Observers 
To detect a dolphin within the zone, LPC employed 
highly trained marine mammal observers (MMO).  

These MMO must have passed a Department of 
Conservation (DOC) approved marine mammal 
observer course [6]. The cruise berth project was 

the first marine construction project in New Zealand 
to use such highly trained observers. 

In addition to the MMO’s, the project Environmental 
Advisor, an LPC staff member, and three of the 
Contractor’s staff also attended and passed this 
training. This ensured that key project staff 
understood the observer requirements and could 
integrate these into the project planning and 
methodology. 

A dedicated elevated platform was constructed to 
provide the MMO with a clear view of the MMOZ 
(Figure 4). MMO’s collected detailed records on the 
number of dolphins sighted, other marine mammals 
that may have entered the zone (e.g., seals and 
penguins), piling activity and mitigation measures 
taken.  

In addition to the MMOZ and the MMO, procedures 
were put into place where piling had to start with a 
ramp up of energy, or soft start. This allowed any 
undetected animals within the zone to vacate the 
area before the full energy and higher noise levels 
commenced. Prior to the soft start commencing, the 
observer kept watch on the MMOZ to ensure no 
dolphins were present. If they were, the soft start 
was delayed. 

3.3 Acoustic Monitoring Network 
A continuously running acoustic monitoring network 
was developed for the project. The aim of the 
monitoring was to establish baseline presence and 
behaviours of the dolphins, for the eventual 
comparison with detections during, and after, the 
piling. 

Figure 3 Estimated zones for TTS (450m MMOZ) and 
behavioural changes (1220m) of Hector’s dolphins within 
Whakaraupō/Lyttelton Harbour based on 3-D propagation 
models for 900mm piles. 
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Four passive acoustic recorders (c-pods) were 
deployed on fixed moorings in January 2018 
adjacent to the project site (Figure 5). These 
recorders log the number of dolphin click detections.  

The c-pods were co-located with Soundtrap 
autonomous underwater recorders to collect 
background and ambient underwater sound levels 
from a range of regular activities that take place in 
Whakaraupō/Lyttelton Harbour including 
commercial and recreational boat noise, ferry boat 
noise, as well as various Port construction activities 
including dredging and reclamation works. 

3.4 Validation of the Model and MMOZ 
A requirement of the MMMP was that LPC needed 
to monitor the underwater noise levels during the 
project to confirm if the modelled TTS/MMOZ zone 
was correct.  

Underwater noise measurements were undertaken 
on 22 May 2019. Four hours of piling noise was 
measured. Modelling revealed the MMOZ needed 
only to be 223m from the piling source, not 450m. 
However, to retain a level of conservancy and 
protection of the dolphins, LPC chose to retain the 
450m MMOZ throughout the duration of the project 
even though it was larger than needed. 

4. Next Steps 
MMO observations concluded when marine piling 
finished in January 2020. C-pods and Soundtraps 
were removed in April 2021. Over the course of the 
cruise berth project over 1,800 hours of visual 
observation and 100,000 hours of acoustic data was 
recorded. 

The detailed sighting and acoustic data are the 
subject of research papers currently being prepared 
by LPC and its scientific partners. The data will be 
used to: 

• Verify predicted presence of Hector’s dolphins 
to determine their use of the project area 
during active piling operations and continued 
presence or return to the project area 
following the completion of pile driving 
activities; 

• Compare dolphin detections captured by the 
c-pods and MMO’s within the MMOZ to 
mammal monitoring system; and 

• Further establish the validity of the predictions 
and the assumptions used in the acoustic 
model and provide updated underwater sound 
level contours. 

5. Summary 
From the start, LPC emphasised the importance of 
mitigating noise effects on Hector’s dolphins. This 
was clearly communicated to everyone involved 
from the beginning and reinforced throughout the 
duration of the project from the CEO down through 
the Project Management Team.  

Key to successfully implementing the MMMP was 
the close working relationship that developed 
between the MMO’s and Contractor. Over the 
course of the piling there were 14 shutdowns due to 
a dolphin(s) sighted in the MMOZ. Twelve 
shutdowns were initiated by the MMO and two were 
voluntarily called by the Contractor. Fifteen delayed 
starts were also assisted by the Contractor (i.e. the 

Figure 4 Location of elevated platform within the cruise berth work site, providing a clear view for the MMO of the marine 
piles, outer and inner harbours. 
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Contractor were first to make the sighting then 
alerted the MMO). 

The cruise berth project shows that potential 
impacts of pile driving on Hector’s dolphins can be 
mitigated through careful design and a robust 
management plan.  LPC hopes that the results of 
this research will not only assist other Ports facing 
similar issues but will eventually lead to developing 
national guidelines for marine piling which is specific 
to Hector’s dolphins and potentially other mammal 
species. Overseas standards exist, but they may 
not be relevant to New Zealand’s marine 
environment. 
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Figure 5 Location of c-pod and soundtrap acoustic monitoring devices (MM5-MM8) within Whakaraupō/Lyttelton Harbour, 
and location of the MMO platform. 
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Abstract 
As waves approach the steep slopes of reefs, plunging breaking usually occurs where the free surface 
overturns and violent water motion is triggered. Resolving such surf zone processes poses significant 
challenges for conventional mesh-based hydrodynamic models due to the rapidly-deforming nature of the free 
surface; yet accurate prediction of these hydrodynamics is critical to a wide range of nearshore processes 
driven by waves (e.g. wave dissipation and energy transfers; mean water levels and currents; and wave runup). 
In this study we assess the ability of the mesh-free, Lagrangian particle-based numerical approach, Smoothed 
Particle Hydrodynamics (SPH) using DualSPHysics, to simulate the fine-scale hydrodynamic processes 
generated by irregular wave transformation over a fringing reef by comparing results against detailed 
experimental observations. To improve computational efficiency, the DualSPHysics model was coupled to the 
multi-layer non-hydrostatic wave-flow model SWASH to simulate waves within the deep region offshore of the 
reef up to the fore reef slope prior to breaking. The model was able to accurately reproduce the full range of 
hydrodynamic processes observed during the experiment across the reef, resolving the complex free surface 
deformation during plunging breaking, the spectral evolution of waves across the reef flat (including nonlinear 
wave shape), the mean water levels and currents, and wave runup at the shoreline. Using the long duration 
simulations (>400 wave periods), the model was able to reproduce the full range of wave motions over the 
reef (sea-swell, infragravity, and very low frequencies), including the increasing dominance of low frequency 
waves towards the shoreline and the large cross-reef standing wave motions excited by the reef geometry.  
 
Keywords: wave transformation, surf zone, wave runup, reef, Smoothed Particle Hydrodynamics. 
 
1. Introduction 
Energy within wind-generated waves (periods 1-25 
s) incident to coastlines drives a wide range of 
nearshore hydrodynamic processes that govern 
wave-driven coastal flooding, sediment transport 
(including coastal erosion) and loads on coastal 
structures. While the processes governing wave 
transformation in the nearshore have been studied 
extensively for many decades (via a combination of 
laboratory, field and numerical modelling studies), a 
complete  understanding of the processes that 
control wave breaking in shallow water is still 
lacking, including knowledge for how wave energy 
is dissipated and converted into other forms of water 
motion. 
 
As no analytical theory exists to fully describe wave 
breaking, a variety of empirical models have been 
developed to predict nearshore wave 
transformation, which can be classified into either 
phase-averaged or phase-resolving models. 
Phase-averaged models attempt to simulate the 
properties of waves, usually based on linear wave 
theory, and therefore, must parameterise wave 
breaking dissipation and nonlinear energy transfers. 
Phase-resolving models aim to more directly 
simulate the nonlinear physics of individual water 

waves, with Boussinesq and non-hydrostatic wave 
models being common examples. Nevertheless, 
Boussinesq and non-hydrostatic models still require 
parameterisation of the wave breaking process, as 
they only provide a single-value representation of 
the free surface and hence cannot reproduce 
overturning during breaking. 
 
While generally much more computationally 
expensive, phase-resolving Computational Fluid 
Dynamics (CFD) models attempt to fully-resolve the 
vertical structure of breaking through numerical 
solution of the Navier-Stokes (N-S) equations. 
These CFD models can be broadly grouped into 
mesh-based and mesh-free models. Mesh-based 
models simulate Eulerian forms of the N-S 
equations on numerical grids (meshes). Mesh-free 
models solve Lagrangian forms of the N-S, which 
include those based on particle methods to where 
the motion of a fluid continuum is described using 
discrete ‘particles’.  
 
In this study, we apply the mesh-free Smoothed 
Particle Hydrodynamics (SPH) approach using 
DualSPHysics [1] to conduct highly-resolved 
numerical simulations of irregular wave 
transformation over a fringing coral reef profile, to 
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investigate the capability of the model to predict the 
broad range of hydrodynamic processes that 
contribute to water level variability across the reef, 
including the nonlinear evolution and dissipation of 
sea-swell waves, the generation and propagation of 
infragravity waves, wave-driven mean water levels 
(i.e. wave setup) and currents, and wave runup at 
the shoreline. The model is validated using 
measurements of waves, velocities, mean water 
levels and wave runup from a detailed physical 
modelling study of  a 1:36 scaled fringing reef profile 
with a steep fore reef slope and wide reef flat, 
conducted in a 55-m-long wave flume (Figure 1). 

 

 
2. Methods 
The numerical simulations were conducted using a 
weakly-compressible form of the Lagrangian mesh-
free SPH approach, where a fluid continuum is 
discretised into ‘particles’ that represent 
computational nodal points where mass and 
momentum conservation laws are solved [2]. For 
the study, we used version 5.0 of the open-source 
model DualSPHysics (http://dual.sphysics.org/), 
with computational acceleration using the parallel 
computing power of GPUs [1]. The present model 
configuration and settings are generally similar to 
the study by Lowe et al. [3] (based on version 4.2), 
but include some improvements, including a new 
modified Dynamic Boundary Condition (mDBC) 
approach based on [4], a laminar viscosity and Sub-
Particle Scale (SPS) turbulence closure model [5, 6] 
based on the Large Eddy Simulation (LES), and a 
new density diffusion term based on [7] to suppress 
noise with minimal dissipation. To improve model 
efficiency, the SPH model was coupled to the non-
hydrostatic wave-flow model SWASH [8] using a 
recently developed open-boundary condition 
approach (inlet/outlet) that passes flow properties 
from SWASH to DualSPHysics [9]. In 

DualSPHysics, the open boundaries consisted of a 
buffer zone with 8 layers of particles, which receives 
velocities, pressures and surface elevations from 
the SWASH model. 
 
This study numerically simulates experimental 
results from Buckley et al. [10], which measured 
wave transformation, wave setup and wave runup 
across a scaled physical model of a fringing reef in 
a 55-m long wave flume (Figure 1a). The 
bathymetry profile constructed from marine plywood 
consisted of a steep (1:5) fore reef slope, a 14 m 
wide reef flat, and a 1:12 sloping beach. At the 1:36 
geometric scaling used in the experiments, the reef 
flat width is equivalent to 500 m in field scale, which 
is typical of  global averages [11]. Irregular waves 
with a TMA-type spectrum were generated 31 m 
seaward of the reef crest at x=0 m by a piston-type 
wave maker with second-order wave generation 
and active reflection compensation. In the 
experiments, a wide range of incident wave 
conditions and offshore water levels were 
considered. Due to the computational demand of 
the numerical simulations, the present study 
focuses on investigating one of these experimental 
cases in detail (Run 2), which used a still water 
depth over the reef flat of hr =0.04 m (equivalent to 
1.4 m in field scale). The wavemaker generated 
spectral waves with a root-mean-squared wave 
height of Hrms,0=0.06 m (2.2 m in field scale) and a 
peak period Tp=2.26 s (13.6 s in field scale). This 
set of wave and water level conditions was 
intermediate (and considered most representative) 
to the broader range of conditions reported in the 
Buckley et al. [10] experiment. During the 
experiment, water levels were measured at 18 
locations along the flume with resistance-type wave 
gauges and horizontal velocities were measured at 
6 locations with electromagnetic current meters 
(ECM), with all instruments sampling synchronously 
at 40 Hz (Figure 1a). In addition, georeferenced 
video imagery of the reef crest region from x= -1 m 
to 1 m (pixel resolution ~1 mm) recorded 2448 x 800 
pixel images at 25 Hz (Figure 2).  
 
The numerical simulations were conducted in a 2DV 
(vertical) plane using an initial inter-particle spacing 
of dp=3 mm. This translated into ~450,000 particles 
being simulated. The SWASH and DualSPHysics 
models were run for a period commencing 10 min 
(600 s) into the experiment for a duration of 16 min 
(960 s), with output for both models stored at 20 Hz. 
Based on the peak period (Tp=2.26 s), this duration 
equates to 425 waves, which was found to be 
adequate for the statistics of the full range of 
hydrodynamic processes considered to converge, 
i.e. sea-swell (SS) waves, infragravity (IG) waves 
and wave setup). The numerical simulations were 
conducted at the Pawsey Supercomputing Centre in 
Perth, Australia using a Nvidia Tesla V100 GPU 
(5120 CUDA cores), which took 107 hr to run. 

Figure 1 Water level measurements (blue triangles) and 
locations with water level and velocity measurements (red 
triangles). The solid horizontal line at z=0 m denotes the  
still water level.  The vertical dashed line represents the 
SWASH coupling location with DualSPHysics. b) Wave 
setup (𝜂𝜂�) profile  (solid line) and still water depth (h) 
relative to the still water level (dashed line). 
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Wave setup �̅�𝜂 was calculated from the time-
averaged water level profile relative to still water 
level by removing a offshore mean reference level 
defined by the spatial-average between x = -4.0 m 
to -2.0 m where wave setup/setdown was negligible 
and the overbar denotes time averaging. The wave 
component of water level variability (𝜂𝜂� =  𝜂𝜂 − �̅�𝜂) was 
used to compute wave spectra S(f) by applying 
Welch’s method using a Hanning window with 50% 
overlap and a segment length of 212 samples (205 
s, equivalent to ~20 min in field scale). Following 

Buckley et al. [12], the spectra were separated into 
sea-swell (SS, f > 0.22 Hz) and infragravity (IG, f < 
0.22 Hz) frequency bands, where 0.22 Hz 
corresponds to one-half of the peak frequency of the 
incident wave spectrum (equivalent to a 27 s wave 
period in field scale). The infragravity frequency 
band was further separated into high infragravity 
(IG-H, 0.22 Hz > f >  0.060 Hz) and low infragravity 
(IG-L, f < 0.060 Hz), with the separation frequency 
equivalent to 100 s in field scale. 
 

Figure 2 Comparison of the predicted surface elevation with synchronised georeferenced imagery centred at the reef crest 
(x=0 m). k) Image time stacks (timeseries of vertical pixel columns) over a 30 s period, compared with the predicted surface 
elevation (solid red line) at x=-0.23 m and l) at x=0.35 m.  Note that t=0 s corresponds to the first image in the sequence 
shown in a).  a)-j) Sequence of images at 0.2 s interval with the predicted surface elevation profile superimposed. The image 
sequence extends over an ~2 s time frame (approximately one wave period), focusing on the interval denoted by the vertical 
blue dashed lines in k) and l). 
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3. Results 
Figure 2 shows an illustrative example of a breaking 
wave within the georeferenced video record, 
zoomed in on the reef crest region from x = -0.8 to 
+0.8 m, with isosurfaces (lines outlining the air-
water interface) computed from the synchronised 
model predictions superimposed in red. As the 
wave approaches the reef, it becomes asymmetric 
with a near-vertical face Figure 2a). The crest of the 
wave then overturns as a plunging jet (Figure 2b), 
which causes a splash-up of the free surface 
(Figure 2c). The wave then develops into a bore that 
propagates shoreward across the reef prior to the 
next wave approaching the reef crest (Figure 2d-j). 
The SPH model generally captures this free surface 
evolution well, capturing the violent plunging 
process, characteristics of the splash-up, and 
propagation of a bore across the reef flat. For a 
longer 30 s sequence of the video record capturing 
13 waves, a time sequence of vertical columns of 
pixels are shown at two locations (x = -0.23 m and 
x = +0.35 just seaward and shoreward of the reef 
crest, respectively) (Figure 2k-l). The superimposed 
free surface elevation timeseries predicted by the 

model agrees well with the video observations, 
capturing the skewed and asymmetric shapes of the 
individual waves.  
 
Predictions of the transformation of individual waves  
across the reef also agree well with the full set of 
wave gauge measurements (Figure 3). The model 
captures the change in wave shape as they shoal 
over the fore reef slope. Near the crest where waves 
break (i.e. gauges 7-9, Figure 3), the height of the 
waves rapidly decreases and saw-toothed bores 
emerge that are well reproduced by the model. As 
the back of the reef flat is approached, the height of 
the sea-swell waves decreases appreciably. Within 
this back-reef region, individual sea-swell waves 
tend to be associated with high frequency 
oscillations in the free surface, characteristic of 
undular bores that are commonly  observed during 
wave transformation over coral reef flats [e.g., 13]. 
 
The predicted sea-swell wave heights (Hrms,SS) 
agree very well with the observations, with Hrms,SS 
initially shoaling on the fore reef, rapidly decreasing 
after the breakpoint at xb ≈ -0.2 m (just seaward of 

Figure 3 a) Comparison of the observed and predicted water levels for a 60 s portion of the timeseries at the wave 
gauge locations (number to the right), plotted on the same figure with an elevation offset of 7 cm applied incrementally 
between gauges. b) Bathymetry profile with numbered wave gauge locations denoted by the vertical dotted lines.  
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the crest), and then becoming nearly constant at 
Hrms,SS ≈ 1 cm for x > 1 m (albeit still decaying 
towards shore at a low rate) (Figure 4a). There is 
only some discrepancy at the wave gauge x=-0.2 m 
located immediately at the break point, where the 
observed Hrms,SS is higher. This gauge corresponds 
with the typical location of the overturning free 
surface during breaking (Figure 2), where the free 
surface takes multiple values and there would be 
significant entrainment of air; both of which would 
likely add uncertainty to measurements at this 
location. The height of the high frequency 
component of the IG waves (Hrms,IG-H) is also very 
well predicted (Figure 4b), reproducing the growth 
observed on the forereef, the abrupt decrease in 
height near the breakpoint, and the near constant 
values Hrms,IG-H ≈ 1 cm across the reef flat. The 
variation in the low frequency component of the IG 
waves (Hrms,IG-L) across the reef is also generally 
reproduced well by the model, predicting the 
increase in height shoreward of the reef crest and 
the oscillation in height (Hrms,IG-L varying from ≈0.5 
to 1 cm across the reef flat) (Figure 4c). The Hrms,IG-

L is slightly underpredicted by the model on the fore 
reef and the more abrupt changes in height near the 
crest are not reproduced. 
 
The growth of IG wave heights on the reef causes a 
substantial increase in the spectral period (Tm-1,0) 
shoreward of the reef crest, including an oscillation 
in Tm-1,0 due to the varying contribution of the low 
frequency IG component, which is accurately 
predicted by the model (Figure 4d). The growth in 
spectral width (ν ) is also accurately reproduced, 
with the model only slightly over-predicting ν  at the 
seaward limit of the reef flat (x = 0-3 m) (Figure 4e). 
The mean water level response to the breaking 
waves (wave setup) closely follows the 
observations, with �̅�𝜂 plateauing to a value of 1.7 cm 
over the reef flat (Figure 4f). 

 

Figure 4 Bulk wave parameters across the reef, with the 
observations (black dots) compared against predicted 
values (red solid line).  a) Sea-swell root-mean-squared 
wave height (Hrms,SS), b) high infragravity root-mean-
squared wave height (Hrms, IG-H), c) low infragravity root-
mean-squared wave height (Hrms,IG-L) and d) mean wave 
period (Tm-10), e) spectral bandwidth (ν), f) wave setup, 
and g) reef bathymetry profile. 

 

Figure 5 Evolution of the wave spectra at 8 sites across the reef. Note that the vertical dashed line denotes the 
frequency cutoff fSS=0.22 Hz that separates sea-swell and infragravity wave frequencies. 
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The spectral evolution of waves across the reef is 
also accurately predicted, shifting from a dominance 
of energy in SS frequencies on the fore reef (x<0, 
Figure 5a-d), a bimodal distribution of energy 
between SS and IG frequencies within the inner surf 
zone shoreward of the crest (Figure 5e), and shifting 
to a dominance of IG wave energy towards the back 
of the reef flat (Figure 5f-h). Wave runup predictions 
also agreed well with the runup gauge 
measurements, reproducing the range of low- and 
high-frequency water level contributions to runup at 
the shoreline (Figure 5a). Consistent with the wave 
spectra at the back of the reef, the runup spectra is 
dominated by low frequency IG motions that are 
accurately predicted by the model (Figure 5b). 
 
4. Discussion and conclusions 
In this study we conducted a comprehensive 
investigation of the ability of the Smoothed Particle 
Hydrodynamics approach using DualSPHysics to 
accurately simulate the broad range of 
hydrodynamic processes that contribute to wave 
transformation and wave runup driven by irregular 
wave breaking in the nearshore. The specific case 
study considered here, based on the experimental 
reef hydrodynamic study of  Buckley et al. [10], 
poses a number of major challenges for numerical 
models, with the requirement to accurately resolve 
violent plunging waves breaking on a steep fore reef 
slope, the reformation of surf zone bores back to 
irrotational wave motions near the reef crest, the 
largely inviscid propagation of these waves across 
the very wide and shallow flat, and wave runup at 
the shoreline. Furthermore, due to the 
hydrodynamic processes on the reef being strongly 
influenced by low-frequency infragravity wave 
motions generated by the interactions of irregular 

wave groups with the reef bathymetry profile, this 
required running long simulations (100s of incident 
sea-swell waves) that has generally not been 
considered in similar highly-resolved simulations of 
surf zone wave breaking using analogous 
Computational Fluid Dynamics models due to the 
prohibitive computational expense.  
 
The results demonstrate that the high-resolution 
SPH simulations are able to accurately reproduce 
the full range of hydrodynamic processes driven by 
irregular waves that are responsible for wave 
transformation, setup generation and wave runup 
within the detailed experimental observations of 
Buckley et al. [10]. While numerous studies have 
applied phase-resolving numerical models to 
investigate nearshore wave transformation, 
including across reefs, these have largely focused 
on applications of  non-hydrostatic and Boussinesq 
wave models that cannot directly simulate the wave 
breaking process with overturning due to providing 
only a single-value representation of the free 
surface [e.g., 14, 15-17]. As a result, such models 
rely on some empirical parameterisation of the 
breaking process. While such approaches have 
proven successful in reproducing many aspects of 
the nearshore hydrodynamics, there is evidence of 
some inherent limitations with not directly resolving 
the breaking process. For example, in simulations 
of the same Buckley et al. [10] experiments using 
the depth-averaged nonhydrostatic model XBeach-
NH, Lashley et al. [14] found that the model 
consistently underpredicted both wave setdown and 
wave setup, which they attributed to the model not 
adequately resolving the kinetic energy of the roller 
generated by the plunging waves. This finding is 
broadly similar to other studies that have applied 
phase-resolving nonhydrostatic and Boussinesq 
models to steeply-sloping bathymetry profiles, 
where setup was also underpredicted [e.g., 18, 19, 
20]. It is also particularly noteworthy that the SPH 
approach used in the present study was able to 
accurately reproduce the complex hydrodynamic 
processes driven by plunging waves using 
essentially no model tuning. The choice of model 
parameters that gave optimum performance were 
all at default or typical values recommended in the 
literature, including those found optimum in Lowe et 
al. [3] for very different wave breaking conditions 
(i.e. for spilling waves breaking on a mild-sloping 
beach).  
 
Detailed CFD models (both mesh-based and mesh-
free) are increasingly being applied to studies of surf 
zone hydrodynamics, which aim to provide a more 
complete description of the breaking processes by 
directly simulating overturning waves at high-
resolution. While there are clear advantages and 
opportunities for applying high-resolution CFD 
models to improve predictions of surf zone physics, 
the primary drawback is the much greater 

Figure 6 Runup comparison. a) Example 300 s timeseries 
comparison of observed versus predicted runup. b) Wave 
runup spectra, with the vertical dashed line separating 
sea-swell (SS) and infragravity (IG) frequencies.  
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computational cost of these CFD models relative to 
conventional wave models (e.g., nonhydrostatic and 
Boussinesq). This has mostly limited CFD 
applications to simulation of regular wave 
conditions, where just order 10s of individual waves 
are simulated. While a subset of these CFD studies 
have considered irregular waves [e.g., 21], these 
have generally also been computationally limited to 
simulations of 10s of waves that cannot resolve the 
low-frequency portion of the nearshore wave 
spectrum forced by incident wave groups. With the 
present SPH simulations benefiting from the 
computational acceleration using GPUs and the 
substantial reduction of the computational domain 
through robust model coupling, long duration 
irregular wave simulations resolving >400 waves 
were achieved that accurately reproduced the 
generation of the very low-frequency infragravity 
wave motions that were substantial across the reef 
and were the primary driver of wave runup. To the 
best of our knowledge, this study represents the first 
CFD study to simulate these low-frequency drivers 
of wave runup in the nearshore.  
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Abstract 
Ten years on from the Canterbury Earthquake Sequence (2010-2011) (CES), the estuary edge along the 
Southshore Residential Red Zone (RRZ) currently consists of a piece-meal collection of former private 
structures, which have been left in various states of disrepair since the demolition and clearance of properties 
following the CES.  These structures provide various levels of erosion protection in their current state, with 
some structures providing suitable protection for present day conditions.  Other structures have either failed 
or been almost totally removed such that they provide very little erosion protection function, which has resulted 
in significant amounts of erosion of the estuary edge having occurred at these locations.  

As part of a wider Christchurch City Council earthquake legacy project, an investigation has been 
undertaken into the options to immediately minimise further erosion and “make safe” the structures on the 
estuary edge in the Southshore RRZ. Two erosion protection strategies were developed to provide 
protection over a nominal 20-year period under current sea levels and agreed maximum storm scenario, to 
allow the Council and the community time to develop a longer-term adaptative management pathway for the 
area. This paper outlines the investigations, the development of the protection options under each strategy, 
and the use of a community appointed coastal engineering expert within the project team as a strategy to 
build trust with the Southshore community. 

 
Keywords: Earthquake, coastal erosion, protection structures, mitigation strategy, community options 
 
 
1. Introduction 
The eastern suburb of Southshore, Christchurch, 
was severely impacted by the Canterbury 
Earthquake Sequence (2010-2011) (CES), and ten 
years on, the current shoreline exists in various 
states of disrepair [1]. Following the CES, almost 
200 properties along the estuary edge were ‘red-
zoned’, purchased by the Crown, and demolished to 
create a publicly accessible green space along the 
estuary edge. In addition to the damage to the land 
caused by the earthquakes, the red zone 
clearances left a lowered land profile in some areas 
and a series of previously privately owned coastal 
protection structures in various states of repair 
along the estuary edge (Figure 1). These structures 
provide various levels of erosion protection in their 
current state, with some structures providing 
suitable protection for present day conditions. Other 
structures have either failed or have been almost 
totally removed such that they provide very little 
protection function, which has resulted in erosion of 
the estuary edge. 
  
The ownership of the land was transferred to 
Christchurch City Council in 2020 after several 
years of stalled progress by other agencies in 
returning the estuary edge to its pre-earthquake 
condition as part of the ‘earthquake legacy’ project. 
When the Council assumed responsibility, there 
was a deep legacy of distrust and a perception that 

other communities had received faster and better 
responses, and now enjoyed greater protection 
against coastal and flood hazards. It was signalled 
that once the earthquake legacy issues had been 
resolved, the Council would then initiate coastal 
hazards adaptation planning with the Southshore 
community.  
 

 
Figure 1: Drone image take in June 2019 of Southshore 
Estuary Edge showing a failed vertical wall structure 
where erosion scarp has formed behind the lowered 
section of wall. 

In December 2019, the Council commissioned 
Jacobs (New Zealand) Ltd to undertake the required 
investigation [2] into the immediate (earthquake 
legacy) options to minimise further erosion and 
“make safe” the structures on the estuary edge in 
the Southshore Residential Red Zone (RRZ). With 
the completion of this work, and approval from 
Council, the adapted strategy was to provide 
coastal erosion protection for the next 20 years. 
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This paper outlines the development of the erosion 
management strategy for Southshore, and the use 
of a  community nominated technical expert to sit 
alongside the technical investigation in order to 
provide the community with assurance that options 
being put forward were responsive to their needs.   
 
2.  Southshore Estuary Edge Post-CES 
The Southshore community is an eastern suburb in 
Christchurch, New Zealand with approximately 500 
households (Figures 2 and 3). The community 
resides at the southern end of the New Brighton 
Spit, which is confined by the Avon-Heathcote Ihutai 
Estuary on the western edge, and an open coast 
sand beach on the eastern edge. The suburb is well 
protected on its eastern side due to a wide and high 
dune system which lines the open coast, while 
protection on the western side of the suburb is 
provided for through a collection of ad hoc private 
structures, localised areas of saltmarsh, and a 
temporary setback inundation bund. Estuary 
flooding is a significant hazard on the western side 
of the suburb where land elevations are low, 
however waves across the estuary are fetch and 
depth limited.  
   
A study undertaken by Jacobs [1] in 2019 identified 
that western edge of Southshore was primarily 
made up of a collection of 50 former private 
structures that were mainly vertical walls of various 
design. These structures covered the former 
individual property widths of the 200 properties 
which have been cleared since the CES as part of 
the Southshore RRZ, as shown in Figure 3. A 
number of these properties also included private 
boat ramps, resulting in gaps in the wall structures 
where water can run-up into the backshore area [1]. 
Following the CES, most of these former structures 
are now classed as informal revetment structures 
where structures have either failed, or the rubble 
from former structures has been built up to form 
small revetment structures [1].  
 

 
 
Figure 2: Overview map of Southshore Study Area 
 

 
During the CES, the southern part of the Avon-
Heathcote uplifted, whilst the northern part 
subsided, resulting in elevation changes of the land 
around the eastern edge and the bed of the estuary 
[3]. However, it is understood that in clearing the 
RRZ (seen in Figure 3), some sections along the 
edge have been further lowered below CES 
subsidence effects due to the action of contractors 
clearing the land. Some of former private seawalls 
along the edge have also been knocked over either 
through human action, as well as displaced by the 
impact of small waves [1]. Elevations of structures 
along the shoreline are generally below the 1 in 10-
year ARI coastal flood level (1.68 m above MSL) 
[1,4], with some being below the 1 in 2-year ARI 
coastal flood level [1].  Scouring behind structures 
due to overtopping is a large source of erosion 
issues along the shoreline.  
 
The hinterland behind these structures the 
Southshore RRZ, where current residential 
properties are now setback from the estuary edge 
by 40-60m. Within the RRZ, LINZ as the landowner 
prior to council, constructed a temporary bund 
following an extreme storm tide event in March 2014 
to provide protection from estuary flooding.  
 

 
 
Figure 3: Southshore study area showing the pre-CES 
coastal properties in the 2009 image on the left, compared 
to the 2019 image on the right where properties (red area) 
has been cleared forming the Southshore RRZ.  
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The bund is generally setback from the estuary 
edge by 10-20 m, providing only for inundation 
protection with no erosion protection function. 
 
3. New Engagement Model for Building 

Community Trust 
3.1 Post-CES Relationship with Southshore 

Community 
Ownership of the land in Southshore transferred 
from the Canterbury Earthquake Recovery Authority 
to Land Information New Zealand in 2016 and then 
to Christchurch City Council in 2020.  Responsibility 
for regenerating the area was handed to 
Regenerate Christchurch in 2016, however 
progress stalled and responsibility for addressing 
the earthquake-legacy issues transitioned to 
Christchurch City Council in 2019. 
 
Over time, residents have described a perceived 
lack of progress by agencies in resolving these 
issues and have reported a growing sense of 
frustration with the involvement of different agencies 
and associated changes in mandate, approach and 
personnel [4]. By 2019 when the Council assumed 
responsibility, there was a deep legacy of distrust 
and a perception that other communities had 
received faster and better responses, and now 
enjoyed greater protection against coastal and flood 
hazards. 
 
Council staff endeavoured to work closely with the 
community to build trust through a number of face 
to face workshops; the provision of regular 
newsletters in both hard copy and online; and by 
involving community representatives in the 
development of erosion mitigation options. 
However, some representatives of the community 
remained suspicious that Council were seeking a 
pre-determined solution to the erosion issues on the 
estuary edge. 
 
3.2 Community Proposed Engagement Model 
A new model of working with the community was 
needed in order to address earthquake legacy 
issues and build back the trust of the community to 
eventually undertake future coastal hazards 
adaptation planning. Community representatives 
proposed the inclusion of a community-nominated 
technical expert to sit alongside the erosion options 
investigation to ensure that their needs were 
represented and addressed in the identification of a 
suitable erosion management plan.   
 
The Southshore Residents Association (SSRA) had 
previously secured the services of a coastal 
engineer and gained a near unanimous mandate for 
his appointment to the role of community expert 
from a survey of Southshore households.  Council 
staff then contracted the community expert to 
undertake a rolling peer review role in a 
collaboration that also included Council staff and the 

lead contractor (Jacobs). In addition to the peer 
review role, the community expert was responsible 
for leading the interface with the community and 
helping to build community understanding of the 
issues and possible solutions. The outcome sought 
through this contract was to provide the community 
with a high level of confidence in the process and 
acceptance of the outcomes. 
 
All three parties to the collaboration ‘working group’ 
agreed on a set of engagement principles which 
were intended to ensure that the community were 
provided with consistent messaging as the 
investigation progressed. While the community 
expert met separately with individual members of 
the SSRA to understand community concerns, all 
three parties attended any whole of community 
engagements to ensure messaging was aligned 
and any issues that were raised could be 
understood by all. 
 
4. Development of a Coastal Erosion 

Management Strategy 
In December 2019, the Council commissioned 
Jacobs to undertake the required investigation into 
the immediate (earthquake legacy) options to 
minimise further erosion and “make safe” the 
structures in the Southshore [2]. The investigation 
developed a series of preferred options for two 
erosion protection strategies to protect the 
Southshore estuary edge over a nominal 20-year 
period. This 20-year period would allow time for 
decisions with communities on longer-term 
adaptative planning responses to climate change 
and sea level rise to be made, as well as any actions 
from these decisions to be implemented.  
 
4.1 Design Criteria 
The scope of this project was to deal with the 
coastal erosion hazard separate from the coastal 
inundation hazard along this section of shoreline. 
The coastal inundation hazard was to be dealt with 
separately through an upgrade to the temporary 
setback bund from the shoreline.  
 
The design criteria for the erosion protection works  
was to provide protection from likely erosion in a 50-
year return period (2% AEP) extreme estuary water 
level event [5] combined with waves generated by a 
20-year return period (5% AEP) south west or 
westerly wind event blowing across the estuary [2]. 
This elevation equates to 1.99 m above MSL. 
Structures were proposed to be built to this design 
level to ensure that the structures are not frequently 
overtopped, preventing regular back-scour from 
occurring behind structures.  
 
There was no allowance for increased water levels 
due to sea level rise (SLR), other climate change 
factors (e.g. increased wind climate, changed 
fluvial/pluvial flood frequency), or further land 
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subsidence along the shoreline, as the erosion 
strategies only address earthquake legacy issues, 
and provide protection for the next 20-years. Whilst 
these strategies were not aimed to form part of the 
coastal hazards adaptive planning process, 
consideration was also given for the structures 
ability to be retrofitted in the future to account for 
SLR if the protection structures formed part of the 
communities adaption plan.  
 
4.2 Strategic Approaches 
From the outset of the project, two strategies were 
proposed to be developed, and within each 
strategy, a range of protection options would be 
investigated. The purpose of the investigation was 
for Jacobs as the contractor to make a 
recommendation of the preferred options (e.g. 
seawall, renourishment, revetment) within each 
strategy, and council staff were to make a 
recommendation to councillors on what the 
preferred strategy was. These two strategies are 
outlined below.  
 
4.2.1 Protection Strategy One: Prioritised Repair 

and Maintenance 
Under Strategy One, remedial action would be 
undertaken on a priority basis to raise the existing 
structure elevations to the design criteria, with 
structures of the lowest current elevations and 
poorest land condition behind the structure (e.g. 
evidence of erosion already occurring) having the 
highest priority. Where existing structures currently 
had no or very limited erosion protection function, 
they would be replaced with designed structures to 
meet the design protection level.  
 
Under this strategy, the shoreline would remain a 
piece-meal collection of discrete and discontinuous 
structures. Due to the nature of this approach, the 
repairs would not address any other deficiencies in 
the structures (e.g. toe protection, slope, rock size, 
coverage), and therefore there would be no 
guarantee that the repairs would meet the design 
level of service for the nominal 20 years, and further 
repairs and maintenance could be required.  
 
4.2.2 Protection Strategy Two: A unit approach of 

replacement by designed protection options 
based on the physical characteristics of the 
edge. 

Under Strategy Two, remedial action would take 
place using a ‘unit by unit’ approach, using 
appropriate designed replacement or encapsulation 
options to meet the design protection level within 
specified shoreline units based on common physical 
characteristics of the edge.  
 
This approach would provide the estuary edge with 
uniform solutions within the units or sub-units and a 
diversity of solutions between units. Recommended 
options would be based on a multi-criteria 

assessment (MCA) of which options would best fit 
the physical characteristics of the unit or sub-unit, 
as well as best provide for other social and natural 
environment values. All options would be designed 
to provide the required level of protection for the 
next 20 years, with consideration of how well they 
could be adapted in the future to provide protection 
from the erosion effects of rising SLR. 
 
4.3 Technical Investigations 
A series of technical investigations were undertaken 
to provide the council with recommended options for 
the two erosion strategies described in 4.2. An initial 
site investigation and walkover with the Community 
Technical Expert was undertaken in February 2020, 
where the areas of high priority were identified, and 
an initial long list of options was developed.  
 
Following the site investigation, based on previous 
work completed around the conditions of existing 
structures [1], five ‘units’ (Units 1, 2, 3a, 3b, 4) were 
identified, with their location along the Southshore 
estuary edge shown in Figure 4. These units were 
based on (1) geographic location; (2) the current 
level of protection at the shoreline; (3) the current 
material and structures used along the shoreline; (4) 
the elevation of the land directly behind the structure 
compared to the estuary bed; and (5) the elevation 
of the foreshore and the presence of saltmarsh in 
the intertidal margins. Based on these 
characteristics, the same protection option would be 
suitable to be applied along the entire length of the 
defined shoreline unit.  
 
Prioritisation of structure repair/replacement was 
undertaken as a quantifiable assessment to 
determine which structures were providing the least 
erosion protection function, therefore were deemed 
to be a priority to carry out repair works or 
replacement under Strategy One. Information about  
structure condition and elevation [1] was used to 
determine a structures ‘priority’ ranking. This priority 
ranking from high to low was based on (1) the 
average elevation of the structure, and this 
elevation in relation to the design protection level; 
and (2) The condition of the land behind the 
structure to indicate that erosion is already 
occurring at the structure, and therefore the 
structure is not providing a desirable standard of 
erosion protection. 
 
With agreeance from the council, community 
nominated expert and Jacobs of the suitability of 
options, the long list was reduced to a short list of 
four options for further investigation. This short list 
consisted of: 
 

• Gabion seawalls 
• Rock revetment 
• Pebble/cobble beach renourishment 
• Offshore energy reduction (breakwater) 
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Figure 4: Location of the four shoreline units along Southshore Estuary Edge. 

 
A multi-criteria analysis was undertaken for each of 
the short-listed options and their application along 
different shoreline units. The MCA provided a high 
level commentary on design factors (e.g. 
adaptability, safety, performance, durability and 
earthquake resilience), social factors (e.g. 
accessibility, visual amenity, cultural, 
consentability), and natural environment factors 
(e.g. contaminated land, coastal impact, landscape 
and natural character, and ecological value).  
 
Where necessary, additional investigations were 
undertaken to inform the MCA criteria, including a 
contaminated land assessment, planning 
assessment and a health and safety risk register 
identifying structures which were not currently safe 
for inclusion in a public space. Indicative costings 
for each option were also prepared to allow for 
comparison between options. 
 
5. Recommendation: Strategy 2 Unit 

Approach 
Based on the information provided in the technical 
investigations for both strategies, council staff 
recommended that the ‘Strategy 2: Unit approach’ 
be adopted as the preferred erosion management 
strategy [4].  
 
Strategy 2 was recommended because it ensures 
that the whole length of the estuary edge meets a 
consistent design standard that effectively 
addresses existing issues of loading, slope stability, 
and durability of material.  As a result, the residual 
risk of erosion would be reduced to medium to low 
levels, and the ongoing maintenance and repair of 
structures would be minimised. The approach was 
tailored to the physical characteristic of each unit, 
and therefore has considerations for the natural 
environment and social aspects (e.g. amenity 
values, access, safety). Importantly, the 
recommended option would address the existing 
issues, and could be adapted in the future for SLR. 

Compared to the strategy 1 approach of prioritising 
and repair, initial costings indicated that there was 
only a $1.5 million difference [2] in addressing all 
erosion issues along the shoreline, due to the fact 
that even under strategy 1, several units would still 
require some form of replacement.  
 
Unit 2 along the Southshore shoreline at present 
consists of low-lying shoreline protection structures 
or naturalised shoreline which is protected by 
saltmarsh in the foreshore. Under the Strategy 2 
approach, Unit 2 would undergo a cobble beach 
renourishment incorporating (where possible) the 
encapsulation of existing structure material (Figure 
5) in conjunction with an offshore breakwater that, 
with the cobble beach, will enhance the salt marsh 
and provide a natural form of erosion protection. 
This renourishment involves introducing cobbles at 
a designed slope to the design criteria elevation. 
The principle of this approach is that by using a 
larger grain size than what is naturally found at the 
site, it will reduce erosion by wave action while still 
allowing the individual cobbles to move without de-
stabilising the whole structure. If cobbles are 
displaced over time, they can simply be topped up.  
 
The Strategy 2 approach for the remaining four 
Units (1, 3a, 3b and 4) included constructing 
armoured rock revetments which incorporated 
(where possible) the encapsulation of existing 
rubble revetment material (Figure 6). This involved 
placing large rocks on a designed slope at the 
estuary edge with a crest height that minimises the 
amount of overtopping in large water level events 
preventing back-scour. The rock size used is 
sufficient to prevent displacement of the rocks within 
the structure during significant storm events. Rock 
revetments can be an effective way to encapsulate 
existing low rubble structures or vertical seawalls 
and can be adapted in the future to have higher 
crest elevations if there is space available in the 
backshore. 
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Figure 5: Cobble beach renourishment option proposed for Unit 2 under Strategy 2 approach. 

 
Figure 6: Encapsulation of existing vertical wall with rock revetment structure recommended for Unit 1,3a, 3b and 4 under 
the Strategy 2 approach. 

 
6. Community Engagement with Strategic 

Approaches 
Throughout the course of the technical 
investigations, the strategies and options were 
presented to the community through drop-in 
sessions at a local community hall. At these 
sessions, council staff, the contractor (Jacobs), and 
the community technical expert were present to be 
able to talk local residents through the options that 
were being assessed through the working group. 
Community members were encouraged to voice 
their concerns and opinions on the options to the 
community technical expert, who would relay these 
back to the working group.  
 
The involvement of the community expert was 
successful in building community acceptance of the 
proposed erosion mitigation plan.  As the 
investigation narrowed down the range of feasible 
options to address erosion risk, the community 
expert played a pivotal role in articulating the 
advantages of options that had previously been 
rejected by community members; in particular the 
ability of saltmarsh to provide an erosion protection 
function.  The existing trust that the community held 
in the community expert ensured that his advice 
was considered credible and robust.   
 

The results of the technical investigations and the 
council staff recommendation were presented to the 
SRRA and local community board prior to being 
presented to councillors. With endorsement and 
promotion from the community technical expert, the 
SSRA were able to accept the final proposals [6] 
that were then also accepted by Council.  
 
In their deputation, the SSRA noted that acceptance 
and funding of the work by CCC would create a 
platform for future coastal and SLR discussions [6]. 
The also stated that they viewed the use of the new 
model engagement model as a success, and that it 
could be used at other communities going forward 
as it supports and develops trust between 
communities and the council [6].  
 
7. Conclusions 
This paper has provided a summary of the 
development of an erosion management plan for 
the coastal community of Southshore, where 
erosion issues had been amplified following the 
CES as a result of earthquake driven land 
subsidence, land clearance, and failure of coastal 
protection structures. When council took over 
ownership of the RRZ in 2020, they required a new 
model of community engagement to work with a 
community who had a legacy of distrust for 
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agencies responsible for regenerating the area 
post-CES.  
 
The Council adopted a new engagement model 
which involved a community nominated technical 
expert to sit alongside the technical investigation 
into various erosion management strategies, and 
help re-build a relationship between the community 
and the council to resolve earthquake legacy issues 
and begin adaptation planning for the future. This 
model provides an opportunity to build community 
acceptance of technical solutions where trust in the 
agency leading the work is low.  It may also be a 
useful model in circumstances where a community 
has low trust in science, or where the community 
requires additional reassurance and support in 
engaging on technical issues due to socio-
economic or other vulnerabilities.  
 
Although the nature of this project was to address 
the earthquake legacy, and provide erosion 
protection for the community for the next 20 years, 
the acceptance of the strategy two approach by 
Council means that structures can be adapted to 
provide a greater level of protection beyond this 
timeframe. The recommendation and 
implementation of this strategy has bought the 
community some time to plan beyond 20 years, and 
to be able to consider a multi-hazards approach for 
their coastal adaptation plan in the future.  
 
Overall, this successful projected highlighted one 
way to rebuild trust with a coastal community to 
move forward with coastal adaptation planning for 
the future. This project is now undergoing detailed 
design and consenting.  
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Western Australians enjoy a sun-drenched, casual lifestyle against the backdrop of some of the world’s most 
spectacular coastline. It is on this coastal canvas that DevelopmentWA is charged with delivering world-class 
waterfront precincts for recreational, commercial, residential and industrial activity. 
 
Ocean Reef Marina is the newest, largest and one of the most challenging coastal precincts undertaken in 
WA. The $258.5 million infrastructure development will become a major hub for activity on the coast, with 
capacity for up to 550 boat pens, 200 boat stackers, a diverse mix of around 1,000 new homes, up to 
12,000sqm of retail and commercial opportunities, and Perth’s first coastal pool. After decades of community 
consultation and detailed technical modelling, the Ocean Reef Marina demonstrates what is possible when 
meticulous coastal planning, policy and engineering come together to provide for the needs of a rapidly growing 
population in a way that enhances our coastline.  
  
Juxtaposing this mixed-use waterfront destination, the Australian Marine Complex (AMC) has been developed 
to enhance opportunities created by the clustering of major industries and is home to the largest marine 
industry precinct in Australia. The precinct has already built an international reputation as a centre for 
excellence and is now entering a new phase of development seeking to strengthen the defence, marine and 
resources industries. The blueprint for the precinct envisions further growth, cementing the AMC’s strategic 
national importance. 
 
From an industrial powerhouse to one still in its infancy, the site for Oakajee Port has been earmarked as the 
potential location for large-scale green hydrogen production. Oakajee is testament to the fact that matching 
the necessary port infrastructure to industry demand can be a complex task – with the project going through a 
number of iterations over the past 40 years. This latest ambitious plan to turn the area into a green hydrogen 
hub aligns the potential of the site with strong industry demand and Government support, and with the recent 
Expression of Interest process receiving substantial global interest, the future is exciting.  
 
These projects demonstrate the broad and critical role Western Australia’s coastline plays in our economy and 
in the psyche of our people. DevelopmentWA is charged with developing these critical sites for the benefit of 
all Western Australians, creating jobs, economic growth and social and residential communities for a new 
generation. 
 
Keywords: coastal planning and development, community consultation, marine industry  
 
 
1. Introduction 
The Western Australian coastline is one of the 
longest and arguably most spectacular in the world. 
It spans more than 20,000 kilometres (including 
islands) - and with around 80 per cent of our 
population living within 10 kilometres of the coast, 
and about 80 per cent of the State’s tourism activity 
also occurring in the coastal zone, it is perhaps our 
most contested asset.  
 
The coast offers immense opportunities for 
recreation, tourism, commercial, industrial and 
residential development. However, with these 
opportunities come a heavy responsibility to 
carefully manage competing pressures to ensure 
our coastline can be enjoyed for generations to 
come.  
 
Development must occur along the coast to meet 
current and future social and economic needs of the 
community and industry. The challenge is to do this 
in a way that carefully balances its many uses while 

being sensitive to environmental conservation, 
Indigenous heritage and our changing climate. 
 
The Western Australian Government’s Coastal 
Zone Strategy outlines its approach to these coastal 
planning and management challenges. The strategy 
is complemented by the State Planning Policy No. 
2.6 State Coastal Planning Policy, which guides 
development and land-use in the coastal zone. 
These documents provide a framework for State 
and local government, public and private 
organisations, community groups and individuals to 
work together to ensure the future of our coast.  
 
As Western Australia’s development agency, 
DevelopmentWA is guided by this framework and 
has the responsibility of planning and managing the 
development of some of the most prized waterside 
locations.  
 
With projects spanning the length of the WA 
coastline, DevelopmentWA works to champion 
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sustainable practices and set a benchmark for 
responsible development. 
 
The case studies outlined in this paper demonstrate 
how DevelopmentWA is achieving this goal, in 
collaboration with local governments, private 
investors, Traditional Owners and local community 
groups to shape the future of our State’s coastal 
destinations. 
 
2. Ocean Reef Marina 
 
Population growth is increasing demand for 
residential development, recreational facilities and 
infrastructure along the coast. With Perth’s 
population set to increase by 1.27 million over the 
next 30 years [1], Perth’s north-west corridor in 
particular is growing rapidly. In order to cater for this 
growth, the State Government needs to deliver a 
diverse range of new homes – and the Ocean Reef 
Marina redevelopment will play a key part in this.  
 
Ocean Reef Marina is the newest, largest and one 
of the most challenging coastal precincts to be 
undertaken in WA. This long-awaited project is 
being developed on behalf of the State Government 
by DevelopmentWA in collaboration with the City of 
Joondalup. It is set to provide a new magnet for 
commercial, recreational and residential activity on 
the coast – with capacity for up to 550 boat pens, 
200 boat stackers, 12,000sqm of retail and 
commercial space, and a diverse mix of around 
1,000 new homes. It will also become a destination 
for a range of community uses within Ocean Reef 
and includes more than 5ha of high-quality 
community spaces.  
 
The Ocean Reef Marina project covers a 66ha land 
and sea area, currently comprising existing boat 
ramps and surrounding local and State 
Government-owned land.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

The Western Australian Government is investing 
more than $258.5 million in funding for the marina 
over the life of the project, which is in turn expected 
to attract more than $650 million in private sector 
investment and create 8,600 construction jobs and 
more than 900 ongoing jobs. 
 
Following extensive community consultation and a 
detailed and stringent approvals process, 
construction of the Ocean Reef Marina 
redevelopment commenced in August 2020, with 
construction of two breakwaters currently underway 
and scheduled for completion in late-2022. Figure 1 
shows an artist’s impression of the future Marina. 
 
2.1 Engaging with community  
 
With the concept for the Marina redevelopment first 
proposed more than 30 years ago, the project is 
much anticipated and broadly supported by the 
surrounding community, which has been involved 
and informed through forums, surveys, information 
sessions, workshops and open days. 
 
A major survey in 2009 with responses from more 
than 11,000 local residents found 94 per cent 
supported the development of a new marina at 
Ocean Reef, and extensive consultation with the 
community in the years since then has helped to 
shape the design of the project – with significant 
inclusions like Perth’s first coastal pool coming 
directly from resident feedback.  
 
Now, with construction well underway, a 
Construction Working Group has been established, 
made up of 23 representatives of local 
organisations, schools, community groups and 
residents to provide another forum for 
communication between the community, 
DevelopmentWA and the project contractor to 
proactively identify and manage any potential  
  

Figure 1. Artist’s impression of the $258.5 million Ocean Reef Marina redevelopment, including the two breakwaters 
currently under construction. 
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issues and opportunities during the construction 
process. This engagement is supported by a 
detailed project website, working group portal, 
regular project updates and myth-busting fact 
sheets to address misconceptions in the 
community. 
 
Despite this extensive and overwhelmingly positive 
engagement, there are pockets of the community 
which remain opposed to the project and 
DevelopmentWA has worked hard to address 
misconceptions that have emerged through the 
process.  
 
This is not unusual for major redevelopments, but 
the coastal location means a heightened desire to 
protect our State’s most prized natural asset for 
future generations. 
 
2.2 Caring for the environment 
DevelopmentWA feels this responsibility acutely 
and is strongly committed to delivering this iconic 
project in an environmentally responsible way, 
incorporating best practice environmental 
management approaches across flora and fauna, 
marine management, and innovation in green 
design and sustainability.  
 
Before works started, experienced environmental 
consultants safely collected and relocated native 
animals and reptiles.  
 
A detailed Coastal Hazard Risk Management 
Adaptation Plan has been prepared to identify, 
assess, and mitigate coastal risks associated with 
the development, and we will continue to update this 
plan as the marina design is finalised.  
 
The marine component of the development has 
been the subject of the highest level of State 
environmental assessment – a Public 
Environmental Review (PER) by the Environmental 
Protection Authority (EPA) – which found the project 
could proceed subject to stringent conditions. 
Approval was granted in 2019, and included 
measures to ensure the protection of marine water 
quality and the natural environment during 
construction and future operation of the marina.  
 
We worked closely with the Department of Primary 
Industries and Regional Development to 
successfully relocate 177,000 Roe’s abalone stock 
to protect the future sustainability of the species. 
This was the largest Roe’s abalone relocation 
project undertaken in Australia. 
 
We’re also investigating leading-edge techniques in 
construction, waste management, water servicing, 
smart technology and renewable energy for the 
precinct. The Design Guidelines for Ocean Reef 
Marina will ensure all future development in the 

precinct will meet high standards for water and 
energy efficiency, renewable energy, and for 
landmark sites, Green Star Building ratings. 
 
2.3  Consulting with Traditional Owners 
Aboriginal monitors and archaeologists investigated 
the project area prior to, and during clearing works 
and found no evidence of sites of significance or 
cultural material.  
 
But our engagement with Traditional Owners goes 
well beyond that required by statutory processes. 
DevelopmentWA is committed to including 
Aboriginal people, their voices, history and culture, 
into the heart of decision-making to help shape the 
redevelopment and creation of communities across 
Western Australia. The Aboriginal Development 
Manager (ADM) program was developed and 
implemented at Ocean Reef Marina in early 2020 to 
help achieve this objective.  
 
Two Aboriginal Development Managers from Yunga 
Foundation were engaged to work closely with 
Traditional Owners, the Whadjuk People, to develop 
a local Aboriginal engagement strategy which 
includes identifying the cultural narrative of the area, 
as well as delivering economic and employment 
opportunities for Aboriginal people during and after 
construction. 
 
The ADM model is also being rolled out in other 
DevelopmentWA projects across the State. 
 
2.4 Modelling the breakwaters  
DevelopmentWA worked with the NSW 
Government’s Manly Hydraulics Lab to test several 
elements of the breakwater design using advanced 
2D and 3D physical modelling techniques.  
Specifically, the physical modelling was completed 
to: 
 

• interrogate the impact of wave reflections on 
the vessels navigating between the 
breakwaters through the Marina entrance; 

• consider the impacts of wave penetration 
through the Marina entrance and any 
resonance/seiching within the Marina; and 

• assess armour rock stability and wave 
overtopping at the crest of the breakwaters to 
refine and confirm the Marina design. 

 
Two-dimensional physical modelling was 
undertaken in a wave flume at a 1:40 scale and was 
used to test the typical cross-section under design 
wave conditions for armour stability and 
overtopping. These tests were completed for a 
range of design conditions, and also used winds 
generated within the flume to provide an improved 
estimate of overtopping rates.   
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The 2D modelling process enabled a first pass 
optimisation of the breakwater design to be 
completed before physical modelling began within 
the 3D basin. This was an important step in the 
process as model construction and simulation times 
in the 3D basin are much longer, and therefore more 
expensive, than structural optimisation within the 2D 
flume.  
 
While quicker and cheaper, 2D modelling cannot 
interrogate complex 3D wave processes such as 
diffraction, refraction and structure configuration – 
which is particularly important where there is 
significant obliqueness to incident waves, as there 
is at Ocean Reef. 
 
Three-dimensional physical modelling was 
undertaken in a 30m x 18m x 1m basin at a scale of 
1:55. The construction of the entire Ocean Reef 
Marina – including casting of a concrete floor within 
the basin to match the local bathymetry – was the 
largest model ever built within the basin at the Manly 
Hydraulics Lab, with approximately 38m of scale 
model breakwaters constructed.  
 
Due to the size of this project, the control of armour 
rock placement and general construction approach 
of the 3D model is not expected to be as good as 
would be achieved during the actual construction of 
the Marina. Specifically, armour rocks will be 
individually placed to achieve a high degree of 
interlocking during the construction of the Marina - 
but these were placed in bulk on the model structure 
and did not achieve the same degree of interlocking.  
This is expected to have led to conservative armour 
stability results when compared to 2D modelling 
techniques. However, it can be difficult to 
distinguish whether greater damage counts in the 
3D model are a result of such limitations or due to 
other factors, such as directional wave focussing.  
 
To ascertain the extent of any damage experienced 
during the modelling works, rocks used in the 
models were painted different colours to show any 
movement and test the armour rock stability, as 
depicted in Figure 2.  
 
By modelling different wave conditions, 
DevelopmentWA was able to find the safest and 
most effective marina design that achieves the 
necessary structural stability for the breakwaters, 
minimises wave penetration and is ultimately safe 
for vessel navigation through the entrance channel.  
Importantly, the Marina basin also showed no signs 
of resonance or long period wave effects.   
 
When complete, the two breakwaters will be 
approximately 2km in length and in places will be 
18.5 metres from the ocean floor, and the design 
has been approved by both the Department of 

Transport and the project’s expert coastal 
engineering advisors. 
 

 
Figure 2. Testing the design of the breakwaters at the 
Manly Hydraulics Lab. 

 
3. Australian Marine Complex 
Juxtaposing the Ocean Reef Marina mixed-use 
waterfront destination, the Australian Marine 
Complex (AMC) has been developed to enhance 
opportunities created by the clustering of major 
industries and is home to the largest marine industry 
in Australia.  
 
Located in Henderson, 23 kilometres south of Perth 
and in the heart of WA’s premier coastal industrial 
corridor, AMC is a nationally significant industrial 
hub for the long-term support of defence, marine 
and resource industries. Figure 3 shows an aerial 
view of the AMC. 
 

 
Figure 3. The Australian Marine Complex is located at 
Henderson, 23 kilometres south of Perth. Source: AMC 

 
3.1 World-leading facilities 
The AMC features a deepwater harbour, load out 
and fabrication infrastructure and high wide road 
access to the nearby Kwinana and Latitude 32 
industrial zones, together with a world-class 
Common User Facility (CUF).  
 
Its key advantages include: 
 

• the world’s most technically advanced floating 
dock, capable of lifting vessels of up to 12,000 
tonnes out of the water for service; 

• six common-user wharves that can 
accommodate vessels of up to 300 metres in 
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length, provide adequate berthing space for 
major works including ship conversions, refits 
and repairs, and offer load-out capability and 
cost-effective, direct-to-site sea transportation 
to remote locations such as the Pilbara in the 
State’s north west; 

• extensive dry-berth support infrastructure, 
including one of Australia’s largest ship-lifts 
with a nominal lifting capacity of 8,000 tonnes. 
The ship-lift can be used for a wide range of 
commercial vessels, accommodating ships of 
up to 150 metres in length with 24.5 metres 
beam; 

• a 40-hectare laydown area providing ample 
space for the modular assembly and testing of 
major projects; and 

• self-propelled modular transporters (SPMTs) 
which can be employed to move structures 
around the CUF and for loadout. 

 
In addition, through proactive planning, the AMC 
has the ability to cater for emerging trends and 
adapt to the changing industrial environment. 
 
With this future-focused capability and the WA 
Government’s investment of $87.6 million to further 
develop its offering, the AMC is entering a new 
phase of development, strengthening its alliance 
with defence, marine and resources industries and 
cementing its position as a centre of strategic 
national importance.   
 
Construction has already commenced on two of four 
infrastructure projects at the AMC - a new vessel 
transfer path and a new superyacht facility. The 
vessel transfer path will create greater connectivity 
across the AMC, between the floating dock and 
shipbuilding and sustainment facilities.  
 
The two other infrastructure projects include a major 
wharf extension and road intersection upgrades. 
Together, this suite of infrastructure initiatives is 
expected to create almost 600 jobs. 
  
3.2 Collaborating with industry 
The AMC is recognised as a world-class centre for 
excellence for manufacturing, fabrication, 
assembly, maintenance and technology servicing 
the defence, marine, oil and gas, and resource 
industries. It has also established global credentials 
for the repair, maintenance and construction of 
naval and commercial vessels, as well as 
infrastructure for the fabrication and assembly of 
offshore oil and gas modules. 
 
This world-leading reputation has been achieved 
through close consultation and cooperation 
between major WA Government agencies and 
industry. 
 

Led by the Department of Jobs, Tourism, Science 
and Innovation and the State’s development agency 
DevelopmentWA, the AMC provides opportunities 
for clustering, collaboration and joint ventures 
among its tenant industries, which are symbiotic, 
sharing skills and expertise across complementary 
sectors. 
 
More than 150 businesses are located within the 
AMC, which is made up of five key precincts: 
shipbuilding, technology, support industry, 
fabrication and recreational boat precinct. The co-
location of these complementary businesses 
promotes greater cooperation and innovation in the 
delivery of major projects. 
 
As outlined in the AMC Strategic Infrastructure and 
Land Use Plan (SILUP) in August 2020, the AMC 
has been instrumental in the manufacturing, 
fabrication and assembly needs of some of the 
largest mining, oil and gas projects in WA and 
Australia, including: 
 

• The assembly and load out of 13 prefabricated, 
customised control rooms and substations by 
Schneider Electric for the $30 billion Chevron-
operated Wheatstone Project. This required 
40,000sqm of laydown over a 24-month period, 
and use of the SPMT to transport the buildings 
which were in excess of 70m long, 28m wide 
and 590 tonnes; 

• The pre-dressing and pre-assembly works by 
CB&I Kentz Joint Venture for the Chevron-
operated $60 billion Gorgon Project. This 
required up to 14 hectares of laydown, use of 
the SPMT and loadout wharves from October 
2011 to November 2015; 

• The fit out and load out by Thyssenkrupp of 
stackers and reclaimers for the $3.6 billion 
BHP South Flank Project. These machines 
each have a capacity of 20,000 tonnes per 
hour, making them the largest rail-mounted 
stackers and reclaimers in the world. 

• Beyond the resources sector, the AMC has 
also supported the docking and berthing of a 
range of commercial vessels, as well as the 
build and maintenance of superyachts, ferries, 
tugs, rescue, patrol and offshore supply 
vessels. The ‘White Rabbit’, the largest 
superyacht ever built in Australia, was 
completed by Echo Yachts at the AMC in 2018.  
 

3.3 Supporting Australia’s defence 
The AMC offers outstanding capabilities and 
credentials in the defence space, together with a 
strong commitment to continuing growth.  
 
A core component of WA’s continuing contribution 
to Australia’s defence future is the State’s Defence 
and Defence Industries Strategic Plan, which aims 
to grow the defence industry sector in WA, expand 
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infrastructure, create jobs and deliver the support 
Defence needs.  
 
Key to this contribution is our focus on developing 
strategic defence infrastructure through the Building 
Western Australia's Defence Industry – AMC 
Infrastructure Strategy (Infrastructure Strategy) 
delivered by Defence West in partnership with 
DevelopmentWA. 
 
Through implementation of the Infrastructure 
Strategy and the AMC Strategic Infrastructure and 
Land Use Plan (SILUP), the WA Government is 
committed to providing common user infrastructure 
and land to meet the needs of defence, marine and 
resources industries. 
 
The AMC currently provides a critical sustainment 
hub supporting the Royal Australian Navy (RAN), 
including all vessels from Fleet Base West, the 
home port to the RAN’s west coast fleet. 
 
As well as other new capabilities, the previously 
described infrastructure projects already in train at 
the AMC will enable it to support the larger and more 
complex RAN vessels entering service in the 
coming years.  
 
The first project – a new vessel transfer path - is 
expected to be complete in August 2021, ready to 
support the launch of the RAN’s new Arafura Class 
offshore patrol vessels from September 2022. 
 
Of the other projects, the extension to AMC Berth 1 
will enable the facility to accommodate all RAN 
vessels, including Anzac class frigates, Arafura 
class Offshore Patrol Vessels, and the future Hunter 
class frigates.  
 
Design work will also include a new finger wharf to 
support Collins class and Attack class submarines, 
and the capacity to support larger classes of naval 
vessels. Upgrades to two road intersections will 
increase capacity and safety, reduce vehicle 
congestion and improve access. 
 
The new shipbuilding hall in the northern 
shipbuilding precinct will activate underutilised 
waterfront land to support commercial shipbuilding 
and sustainment. This will free up strategic land for 
naval sustainment activities to support the Royal 
Australian Navy.  
 
This investment strengthens the AMC’s offering and 
further demonstrates WA's commitment to securing 
more Defence work, such as the sustainment of 
Collins class submarines. 
  
 
 

4. Oakajee Strategic Industrial Area 
 
Matching the necessary port infrastructure to 
demand can be a complex task – and some projects 
inevitably take longer to progress.   
 
The Oakajee Port, part of the Oakajee Strategic 
Industrial Area (SIA), is one such project, first 
proposed as a deepwater port to be built 25 
kilometres north of Geraldton in the 1980s, 
assessed for environmental approval in the 1990s 
and finally approved as part of a magnetite iron ore 
port and rail facility by the WA Government in 2008. 
[2]  
 
Despite these attempts, the various corporate 
backers of the port failed to realise the 
development’s potential with a variety of hurdles, 
including the then low iron ore price following the 
mining downturn from 2012-2014 and difficulty 
agreeing an infrastructure sharing model. 
 
4.1 Planning for a bright future 
 
The Government now has an ambitious plan to turn 
the Oakajee site into a global hub for the production 
of green hydrogen, capitalising on the region’s 
world-class wind and solar resources.  
 
Green or renewable hydrogen is hydrogen made 
from electrolysis powered by renewable sources, 
usually wind and solar, and is an emerging industry 
actively supported by the WA Government through 
its Renewable Hydrogen Strategy.   
 
This builds on the work in 2010 of LandCorp, the 
predecessor agency to DevelopmentWA, which 
developed a structure plan to guide the planning of 
the Oakajee Strategic Industrial Area over a 50-year 
horizon. Rezoning of the area in 2004 has allowed 
for a heavy industrial area which can cater for a 
range of heavy industry uses supported by an 
adjacent proposed port.  The heavy industrial area 
is surrounded by a buffer to avoid land use conflicts 
and accommodate several support industry areas. 
The site layout and key features of Oakajee are 
detailed in Figure 4 and Table 1 respectively.  
 
The forward planning of the estate also considered 
global best practice, including options for renewable 
energy and careful design of the land uses to 
maximise flexibility and enable innovation. [3] 
 
The 4,000 hectares of buffer land is suitable for both 
large scale solar and wind generation. Solar farms 
on this land are estimated to be able to generate up 
to 1,250MW of solar energy, while the strong and 
consistent wind speeds are estimated to be able to 
generate a further 270MW of wind energy. [4] 
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The WA Government estimates this combination of 
wind and solar, coupled with other firming, could 
produce electricity below 10c/kWh, making it 
competitive for a range of large-scale industries, 
including green hydrogen. 
 

 
Figure 4. The Oakajee Strategic Industrial Area, located 
25km north of Geraldton, Western Australia. 

 
4.2 Future port potential 
 
As the demand for green hydrogen to decarbonise 
energy supply chains has increased in recent years, 
attention has returned to the potential of Oakajee. 
 
Key to the future of green hydrogen export 
opportunities are port facilities in close proximity to 
production.  Oakajee Port has this potential, with its 
future port area directly adjacent to the proposed 
heavy industrial production area.   
It is one of the State’s few planned, greenfield ports, 
creating the opportunity for efficient port supply 
chains which are internationally competitive. 
 
Unlike many other port facilities in Western 
Australia, it also has a large, 1,000-hectare land 
area, which will not be constrained by future 
residential encroachment due to the protection of 
the buffer. 
 

Whilst the greenfield port will no doubt be difficult to 
develop, requiring a dredged channel and 
breakwaters, it presents a unique opportunity to 
build a modern industrial port providing efficient 
export opportunities for both liquid and bulk 
materials.  
 
4.3 Strong global interest 
 
In 2020, the WA Government released an 
Expression of Interest process for firms interested 
in progressing the Oakajee Strategic Industrial Area 
as a potential location for large-scale green 
hydrogen production.   
 
The opportunity has attracted strong global interest, 
with more than 65 Expressions of Interest providing 
input on how to best develop the greenfield strategic 
industrial and port area into a globally competitive, 
renewable hydrogen production and export 
precinct.  
 
The Government is currently assessing these ideas 
and progressing a plan to realise the significant 
potential of the Oakajee Strategic Industrial Area 
and its associated port.  
 
Table 1    Key features of the Oakajee Strategic 

Industrial Area  

Feature Requirements 
Land area     6,400ha of greenfield land 

including:  
• 1,000ha earmarked for the 

Oakajee Port  
• 1,134ha within the 

Strategic Industry Core  
• 196ha of planned general 

industrial areas  
Location • 435km north of Perth  

• 23km north of Geraldton  
Shipping distance 
to major Asian 
ports 

• 5 days to Singapore  
• 10 days to Tokyo  
• 10 days to Seoul  
• 11 days to Beijing 

 
5. Conclusion 
 
These projects demonstrate the crucial role 
Western Australia’s coastline plays in our economy.  
 
For Western Australians, the coast is integral to our 
way of life and so any coastal development must 
meet the highest level of scrutiny.  
 
The normal challenges of planning and 
development are heightened in an environment 
where the social, economic and environmental 
returns stand to be so great.  
 
It is on this coastal canvas that DevelopmentWA is 
charged with delivering world-class waterfront 
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precincts for recreational, commercial, residential 
and industrial activity. 
 
It is not an easy task, and it could not be achieved 
without close collaboration between State and local 
government, industry and community groups. 
 
The three projects outlined in this paper show just 
how critical this collaboration is to ensuring we 
achieve the best possible outcome for arguably our 
greatest natural asset – our coast. 
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The strong currents and turbulent flows that characterize the entrance to the Tory Channel / Kura Te Au (New 
Zealand) are a well-known challenge to shipping. The flows are dominated by a tidal signal, which can be 
predicted with high accuracy, but there is often a non-tidal component present too, which significantly 
modulates the timing of the tidal flow reversals and the strength of the ebb and flood phases. This leads to a 
high level of uncertainty about the flow conditions at any given time and increases the difficulty for safe transit 
planning. To address this issue, the Marlborough District Council has adopted a novel solution to provide real-
time guidance on the flow conditions at the entrance. The underlying concept is based on quantifying the water 
level gradients within the Tory Channel, which is the key driver for its flows. By blending high-resolution 
hydrodynamical model simulations and real-time water level observations, a hybrid system to nowcast and 
short-range forecast (1-3 hours) the currents at any location in the Channel has been implemented. The system 
includes two tide gauges placed at opposite ends of the Tory Channel, providing data at 10-minute intervals, 
and allowing water level gradients to be measured in near real time. From these data, a machine-learned 
algorithm has been trained from the hydrodynamical model, and then used to infer the flow regime from real-
time measurements. The paper presents the observational basis for the technique, the technology deployed 
and the operational system architecture. 
 
1. Introduction 
The Tory Channel / Kura Te Au (TC) is one of two 
entrances to the Queen Charlotte Sound / Tōtaranui 
(QCS), located within the Marlborough Sounds of 
New Zealand (Figure 1). As a designated national 
transport route and an extension of State Highway 
1, the TC is the main route for ferries operating 
between the North and South Islands. 
Approximately 7,100 ferry transits occur each year, 
transporting 1.2 M passengers, 300,000 private 
cars and up to 5 M tonnes of cargo. 
 
The narrow entrance to the TC is characterised by 
strong currents and turbulent flows which present a 
well-known challenge to shipping [1]. Navigation 
hazards are further complicated by the requirement 
to make a near 90-degree turn in the entrance zone 
along with frequently high wind conditions from the 
adjacent Cook Strait. 
 
Currents in the TC are dominated by a large phase 
lag in the lunar semidiurnal tide (M2) that 
characterises the Cook Strait tidal dynamics [2]. 
However, within the TC and QCS there is often a 
non-tidal component too, which has the effect of 
modulating the timing of the tidal flow reversals and 
ultimately the strength of the ebb and flood phases 
[3]. Accordingly, for mariners to date there has been 
a high level of uncertainty regarding the TC 
entrance flow conditions at any given time. This 
increases the difficulty for safe transit planning and 

has led to recommendations to improve 
navigational safety by implementing real-time 
observational guidance for shipping [1].  
 
The Marlborough District Council (MDC) has 
responded to this recommendation by adopting a 
novel method to infer the flow conditions at the 
entrance. The technique, described in this paper, 
deploys a hybrid solution involving observed water 
level gradients, a hydrodynamical model and a 
machine learning model to predict real-time and 
short-range (1-3 hours) forecast flows. 
 
2.    Context  
A study by the National Institute of Water and 
Atmospheric Research (NIWA) in 2014 [3] predicted 
the neap and spring tidal fluxes in the TC to be 
20,000 and 30,000 m3s-1, respectively. Their 
modelling, qualitatively confirmed by current 
measurements, also showed that a persistent non-
tidal residual flow was present – typically expressed 
as inflow to the TC and outflow via the outer QCS. 
However, frequent reversals in flow were also 
noted, with 5- to 10-day fluctuations occurring and 
fluxes as high as 6000 m3s-1 predicted by modelling. 
 
An explanation for the non-tidal flow regime was 
proposed by NIWA. They consider that local scale 
winds from the SSW sector will be aligned with the 
main reach of the QCS, imparting a consistent 
stress on a body of water that is much larger than 
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the adjacent TC. This stress imbalance establishes 
a clockwise rotational flow regime about Arapawa 
Island; presumably reversed under opposing wind 
conditions. The well-known phenomenon of 
topographic steering and acceleration of wind in the 
Marlborough Sounds [4] lends itself to bimodal and 
reversing wind stress aligned with the water bodies. 
Regardless of the exact driving mechanism, any 
large-scale non-tidal or residual flow regime 
comparable to tidal flows in the TC entrance must 
also have an expression in the water level gradients 
along the TC itself [see 5]. To test this hypothesis, 
we examined water level data from three temporary 
tide gauges that had been deployed in the TC and 
QCS. Preliminary analysis confirmed that non-tidal 
water level gradients were both present and 

persistent within the TC, and that the magnitude of 
those gradients was, on occasion, equivalent to tidal 
gradients. 
 
An estimate of the size of terms in the momentum 
equation for flow in the TC also reveals that local 
wind forcing is an order of magnitude smaller than 
the pressure gradient. We therefore neglect local 
wind forcing in our modelling approach and assert 
that we can establish an operational methodology 
using water level gradients along the TC for 
nowcasting the flow regime at the entrance. The 
core components of the modelling approach are 
described in the following section.  
 

 

Figure 1   Navigation chart showing the Tory Channel (TC) and Arapawa Island. The shipping route from Wellington to 
Picton is highlighted in red, along with the entrance to the TC where a 90-degree turn is required. This is the specific region 
of interest for improved guidance on the real-time flow conditions.  

 
3. Methodology 
3.1 Bathymetry 
In 2016 Toitū Te Whenua Land Information New 
Zealand (LINZ) and MDC jointly commissioned an 
MBES survey of the QCS with bathymetry data 
being collected over an area of 433 km2 and 
subsequently processed to a spatial resolution of 2 
m [6]. These data are made freely available and 
have been used to define the domain for numerical 
modelling.  
 
3.2  Hydrodynamical model 
A numerical model is an effective way to solve the 
equations of state for a water body, and in the 
application here we take advantage of the fact that 
within the QCS, the changing water levels and 
velocities are tightly coupled.  
 
The Semi-implicit Cross-scale Hydroscience 
Integrated System Model (SCHISM) was used to 

simulate the flow regime. SCHISM is based on an 
unstructured grid suitable for 2D or 3D 
baroclinic/barotropic circulation from shelf seas to 
estuarine regions. A detailed description of the 
model formulation, governing equations and 
numerics, can be found in the original publication 
[7]. 
 
Using the 2 m gridded bathymetry data, a mesh was 
created over the entire QCS and TC, with resolution 
of 800 m in the open ocean and 20 m near the 
shoreline and in the entrance to the TC (Figure 2). 
The model was run with 15 vertical layers (sigma) 
with higher resolution near the surface to better 
capture the flows of influence to navigation. 
Elevation and current amplitudes and phases of the 
dominant tidal constituents (M2, S2, N2, K2, K1, O1, 
P1, Q1) were sourced from a downscaled spectral 
solution from the OTIS (Oregon State University 
Tidal Inversion Software) assimilated barotropic 

Arapawa Island 

Tory Channel 
Cook Strait 
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model. Residual velocities, atmospheric conditions, 
and water column properties were not imposed. 

 

 
3.3 Historical water levels 
From November 2016 to June 2017, six tide gauges 
were established to provide water level datums for 
the MBES survey of QCS [8], in addition to the 
existing MDC gauges. We used three of these 
temporary gauges (Okukari Bay and Te Iro Bay in 
the TC and Long Island in the outer QCS; Figure 2). 
Water level was determined during a 20 s sampling 
period every 6 minutes. These time series data 
were de-tided using harmonic decomposition and 
used to define the temporal correlation in water level 
gradients.  
 
3.4 New tide gauges  
For the operational system, the QCS network of 
permanent tide gauges is being upgraded to include 
three new locations, scheduled for installation in Q3 
of 2021. These are Okukari Bay and Te Weka Bay 
(directly opposite Te Iro Bay) in the TC, and 
Motutara Island in the outer QCS. At each location, 
a dual sensor station has been designed to provide 
real time water levels from both radar (Vegapuls 
C23) and pressure (Valeport TideMaster and Druck 
PDCR1830 sensor). The stations have two-way 
communications, and the sampling regime is 
flexible so will ultimately be optimised for the 
determination of gradients. However, the default is 
a 2-minute mean reported every 10 minutes. 
 
The raw water level data require processing to 
isolate the tidal and non-tidal signals, with the latter 
undergoing further denoising to produce stable 
gradients within the Sounds. Water level data will be 
set to Chart Datum, reviewed periodically and be 
available for future surveys and studies. These 

steps are undertaken in the system pre-processing 
routines, but after transmission.   
 
3.5 Machine Learning approach 
A machine learning (ML) model was developed to 
relate water levels at the two measurement 
locations to the flow regime within the channel. The 
ML model architecture was: 

• Input layer with 3 features i) the total water 
level difference between two locations, ii) 
the time derivative of total water level 
difference, and iii) the difference of non-tidal 
water levels.  

• Dense layer of size 16 with RelU activation. 
• Dense layer of size 32 with RelU activation. 
• Output layer of size [33893,2] 

corresponding to the surface velocity at 
each mesh node in the numerical model.  

 
The model was trained with a mean square error 
loss function and an Adam optimizer. The predictor 
data set for training was generated by running the 
numerical model over a 28-day spring/neap tidal 
cycle with an additional constant gradient 
superposed. The additional constant gradient 
ranged over positive and negative values up to the 
maximum tide-only gradients, which is more than 
the largest value observed in any of the measured 
data. Therefore the simulated cases cover the 
range of all residual gradients caused by seasonal 
variation and synoptic scale weather patterns. 
 
A single training sample consists of a time slice of 
the entire mesh (targets) and the water level 
variables extracted from the model at the same time 
(input features). The complete dataset of half hourly 
time slices over the spring/neap cycle runs with the 
different non-tidal gradients added provided a total 
of 16,800 training samples. This data set was split 
into training and validation subsets by randomising 
its order and using 80% for training and 20% for 
validation. 
 
Model features were extracted from the 
hydrodynamical model by interpolating model 
surface elevation at the instrument positions (shown 
in Figure 3) and then calculating the difference. The 
non-tidal component feature was calculated from a 
simple 25 hour running mean. The addition of this 
extra feature greatly improved the generalisation of 
the model compared to just using raw gradients 
alone, presumably because it keyed the model into 
the dominant non-tidal flow regimes. 
 
The trained ML model can infer the surface flow 
throughout the channel from real-time 
measurements of water level at the tide gauge 
locations. This provides the nowcast flow conditions 
and can also be used to provide a short-range 
forecast under the assumption of stationarity or 
linear change of the residual (non-tidal component). 
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4. Results   
4.1 Measured water level gradients 
The temporary tide gauges from 2016 and 2017 at 
Okukari Bay and Te Iro Bay are 10.5 km apart, and 
a time series of the instantaneous elevation 
difference is shown on Figure 4 (upper plot) plus the 
non-tidal components following harmonic 
decomposition (lower plot). There are two important 
signals present in the non-tidal data: i) Short periods 
of time (1-2 days) where the amplitude is close to 
the spring range, and ii) periods with lower 
amplitudes which are sustained over many weeks. 
These observations confirm that appreciable (and 
highly measurable) gradients in water level exist 
along the TC, with components of both tidal and 
non-tidal forcing that are readily identifiable. 
Considering just the non-tidal components from 
Okukari Bay, Te Iro Bay and Long Island (Figure 5), 
we can observe that the dynamics of the TC are 
often coupled to the wider QCS. From November 
2016 through February 2017, the measured 
residual water levels were quite coherent with just a 
slight gradient running from north to south (i.e., 

egress via TC entrance). This is followed by a 5-
week period with strong gradients - suggestive of 
net outflows from the TC of sufficient magnitude to 
noticeably modulate the tidal flows. A persistent 8-
10 cm gradient was observed over the 10.5 km 
stretch of the TC, which is equivalent to the 
gradients observed during neap tides. Then, from 
early April 2017 onwards, the gradient is reversed 
and net ingress to the TC is expected – the reverse 
direction to the preceding period. During this latter 
period, the gradients persist at 5-8 cm.  
 
The correlation of non-tidal water level gradients 
with regional wind stress was tested using a 
hindcast wind field. Data were available at hourly 
intervals from a 4 km resolution downscaling of the 
ERA5 global reanalysis [9]. The general trends in 
kinematic stress were found to be in moderate 
alignment with the inferred flow regimes (not 
shown). For example, the period from November 
2016 through February 2017 was associated with 
net southerly-directed wind stresses, while the 
reverse was observed for April – June 2017, broadly 
consistent with the QCS wind stress forcing 
hypothesis. However, neither the variability at daily 
scales nor the high gradient events could be 
adequately explained by the hindcast wind. We 
speculate that a 4 km resolution hindcast is too 
coarse to adequately replicate the orographic 
influences within the Sounds and therefore the 
realistic stress imparted. Given that stress is 
proportional to the square of wind speed, adequate 
prescription of the orographic effects will be an 
important factor to explain more of the variance in 
non-tidal water levels. Other regional scale weather 
and oceanographic factors will also have influence, 
but these are not considered here. 

 

 
Figure 4     The difference in absolute water level between Okukari Bay and Te Iro Bay (top) and the residual (non-tidal) 
differences (bottom). These time series plots reveal the complex tidal and non-tidal dynamical processes in operation within 
the Tory Channel. 
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Figure 5     Time series of the measured non-tidal water levels (daily means) at Okukari Bay, Te Iro Bay and Long Island 
and the gradient between Long Island and Okukari Bay. This plot reveals the non-tidal dynamical processes within the 
wider Queen Charlotte Sound and how they directly affect the Tory Channel entrance region. Of note is an increased 
gradient in March followed by a reversal from April onwards. From this we can infer net outflow from the entrance from 
November 2016 through March 2017, followed by a reversal for April through June 2017. 

 

Measured tide data from three temporary gauges 
(November 2016 to June 2017) were used to 
validate the hydrodynamical model. The tidal signal 
was extracted from the raw data using harmonic 
decomposition, allowing a time series of the 
measured tide to be compared with the predicted 
tide from the model (Figure 6). While the model 
shows good agreement with the tidal water level 
observations (RMSE<0.07 m), we were unable to 
access the QCS current data from [3] to validate 
flow for this article. 
 

 
 
Figure 6     Time series of measured tidal water 
levels (blue) and modelled (red) tidal elevation at 
Long Island (top), Te Iro Bay (middle) and Okukari 
Bay (bottom) during a spring-neap cycle. 
 

Validation of the machine learning model was 
carried out using the retained 20% of the initial 
dataset. The normalised error over the grid for the 
dominant U-component is shown in Figure 7. The 
normalised error is less than 5% throughout the 
main channel. Greater relative errors are seen in the 
shallow areas; however, this is partly due to the 
smaller ambient velocities in these regions.  

 
Figure 7. Normalised error of ML model U 
component of surface velocity compared to the 
numerical model, also showing locations where site 
comparisons were made. 
 
Comparison between the ML and hydrodynamical 
model was made at three representative locations 
in the TC (Figure 8). There is good correspondence 
throughout the velocity range; also shown on Figure 
8 is the U component of velocity in the central TC 
for all training and validation data. Overall, the ML 
model performs well in reproducing the 
hydrodynamical model surface flow in the main 
channel region, using the water level gradients 
between the gauge locations as input features. 
 
5. Overview of the operational system 
The operational system has three core components. 

• Real time observations - accessed from the 
MDC network of tide and weather stations.  

• Data analytics engine - cloud-based pre-
processing of the measured data, 
application of the ML algorithms, and 
archiving of the outcomes.  

• Products pipeline - postprocessing of 
resultant data and production of graphics 
and text data for dissemination via the MDC 
information portals.      
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Note also, a wind station at the Northern Entrance 
to QCS may be ingested into the prediction system 
once operational, with ongoing analytics used to 
determine if those data can improve the short-range 
predictions as well as testing the efficacy of a 3-day 
wind forecast to further extend the prediction 
horizon.  
 
A program to validate the prediction system will be 
undertaken. It is proposed to initially use the 
navigation and propulsion data recorded on the 

Cook Strait ferries to infer currents within the TC, 
using a similar technique to [10]. This is a fit-for-
purpose method as the primary user of the 
prediction system will be shipping. However, 
quantification of the non-tidal flows is also of 
significant interest to other activities within QCS 
(e.g., aquaculture) as well as for an interpretation of 
flushing rates for the understanding of ecological 
health. Accordingly, site-specific validation 
campaigns may be made for this purpose in the 
future.     

 

Figure 8   Comparison of surface flow velocity between ML and numerical model at 3 sites in the TC (see 
Figure 7). A comparison of ML and numerical model at site L2 in the central TC is also provided, and the 
difference shown is for all the training samples. 
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6. Conclusion 
Developing this novel solution to the short-range 
prediction of flow in TC was made possible by ready 
access to open-source data. Specifically, having 
high-quality bathymetry for the entire QCS allowed 
the hydrodynamical model to be established with 
ease, and the 6-minute tide gauge data facilitated 
an early qualification of the non-tidal gradients as 
well as a reliable dataset for model validation. 
Without having these data to hand, the solution 
presented here would not have been contemplated.    
 
The work to date shows that the combination of a 
validated hydrodynamical model with the machine 
learning architecture to develop predictive 
algorithms has good skill in this environment and for 
this solution. The technique will undoubtedly suit 
other marine applications where complex physics 
are present and there are highly non-linear 
interactions to solve.  
 
Commissioning of the system is scheduled for Q3 
2021, followed by a detailed programme of 
validation and acceptance testing.  
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Abstract 
Port Thevenard is located on the Great Australian Bight in South Australia and is used for the export of 
conveyed products (grain, gypsum and minerals sands). The original jetty structure is over 100 years old and 
the facility consists of a number of different construction types constructed over that period. The original 
structure fabric was precast concrete beams spanning 18.3m between precast concrete caissons. This original 
fabric was constructed in 1919 and was the first use of precast concrete in a jetty or wharf within Australia. 
 
Approximately 160m of the original structure was highlighted during a 2017 condition assessment as being in 
a highly deteriorated state, leaving the overhead conveyor at risk. Access had already been restricted from the 
concrete portion of the jetty, with the newer timber section of jetty alongside used for vehicle access. 
 
Temporary propping of the conveyor gallery in high risk areas was carried out in the short term. Following this, 
several long-term options to extend the operational life of the facility were investigated. The selected option 
involved installation of new driven steel piles either side of the jetty at the caisson locations, which in turn 
supported welded transverse box beams for supporting the conveyor gallery. Once the conveyor was 
supported, the existing concrete caissons were able to be demolished to make way for installation of 
longitudinal girders and a precast concrete roadway deck. 
 
This paper aims to examine the engineering and construction complexities in constructing a new jetty around 
an existing deteriorated and operating structure. One of the key challenges was the demolition of the extremely 
fragile, yet stiff, 75-tonne concrete girders. 
 
Keywords: jetty, remediation, demolition, temporary works, concrete and steel design 
 
1. Introduction 
Port Thevenard is located on the Great Australian 
Bight in South Australia, adjacent to coast town, 
Ceduna (refer Figure 1 for site location). The jetty 
consists of a combination of structure types, with the 
original jetty being a 160m long, 4.9m wide concrete 
jetty extending out to a later installed sheet piled 
wharf. The original concrete section of jetty consists 
of 18.3m (60ft) span precast concrete roadway 
units. The deck is 200mm deep and is supported by 
two 2.8m deep beams, these beams span the 
18.3m between caissons supported by concrete 
caissons. This section of jetty was constructed in 
1919 and was the first use of precast concrete in a 
jetty within Australia. 
 
Due to its age, the concrete components had 
suffered extensive deterioration and progressively 
collapsed and been partially demolished. Although 
vehicle traffic had since been transitioned over to a 
timber section of jetty alongside, the concrete jetty 
still provided support (at the caissons) to the 
conveyor gallery above. Furthermore, due to the 
condition of the timber jetty and corresponding load 
restrictions, the need for demolition of the concrete 
jetty and installation of a new roadway and support 
to the conveyor gallery was clear. 
 

This paper describes the process of the project, 
from identification of the potential risks, to 
development of conceptual options and subsequent 
detailed design and construction of the final 
solution. It also aims to examine the engineering 
and construction complexities in constructing a new 
jetty around an existing deteriorated and operating 
structure. One of the key challenges was the 
demolition of the extremely fragile, yet stiff, 75-
tonne concrete girders.  
 

 
Figure 1   Port Thevenard site location (Source: [1])  
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2. Project Need 
The original concrete jetty construction was started 
in 1914 and Port Thevenard was opened in 1919. 
The jetty was widened with a 194m long timber jetty 
and a ropeway bucket system which was installed 
to export Gypsum between 1926 and 1930.  

 

  
Figure 2   Port Thevenard Circa 1930 (Source: [3]) 

In 1971, a 198m long steel sheet piled wharf was 
installed that lengthened the jetty. Berth pockets 
were dredged out and a conveyor and ship loader 
were installed to export bulk materials. 

 
Figure 3   Port Thevenard 2017 

The different stages of construction meant that for 
the first 165m of jetty there were 3 structures of 
various ages being the concrete jetty, the timber 
jetty widening and the overhead bulk handling 
conveyor. 
 

 
Figure 4   First 165m of Jetty Cross Section 1970-2019 

In 2015, a condition assessment was carried out on 
the Thevenard structure by Flinders Ports. During 
this inspection it was identified that the support for 
the overhead conveyor was severely compromised.  
 
The concrete jetty was clearly understood to be in 
poor condition in the past and a strategy of 
sectioning off traffic/personnel access was 
employed. This did not address maintaining support 
to the conveyor columns that land on the caissons 
and the deteriorated piles. The concrete jetty had 
since further degraded significantly and sections 
had collapsed. Also, It was found that in the past, 
partial demolition of sections had been undertaken 
presumably as part of rectification works, but this 
work was abandoned. Given the timber jetty was 
also approaching end of life and was not capable of 
supporting heavier traffic the customers wanted to 
operate, a project was raised to design options for 
rebuilding the jetty that would incorporate new 
conveyor supports. 
 
In September 2016 a large section of beam 
between the pier structures collapsed during bad 
weather. Although the collapsed section was not 
part of the load path for the overhead conveyor and 
was completely redundant, immediate action was 
required as it highlighted a general instability risk of 
the caissons (i.e. failure of the 18m span concrete 
beams could result in destabilisation of the 
conveyor supporting caissons). 
 

 
Figure 5   Port Thevenard 2016 

The project was fast tracked and Consultants were 
engaged to develop concepts for remediation 
works. Following the site inspection, the consultant 
moved on to begin development of concept options 
for remediation but also produced a preliminary 
report which detailed the condition of the structure, 
the modes of failure that could occur and options 
being considered to be developed into remediation 
concepts. Upon receipt of the draft condition 
assessment from the consultant Flinders Ports held 
discussions with the party owning the bulk materials 
conveyor and it was determined that the wharf 
would be closed until the risk of collapse was 
removed and a safe working environment was 
ensured. 
 
The report detailed 3 modes of failure, shown in 
Figures 6-8 
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Figure 6   Failure Mode 1 Outer Support Collapse (cross-
section) 

 
Figure 7   Failure Mode 2 Deck Collapse (side elevation) 

 
Figure 8   Failure Mode 3 Pile Collapse (cross-section) 

An outage of the jetty caused significant interruption 
to customers and the community reliant on these 
businesses. Action to restore a safe working 
environment and resume operations was 
considered urgent. The consultants were tasked 
with completing their concept works and a marine 
contractor was engaged for early contractor 
involvement. In parallel to ongoing design works, 
contractor Maritime Constructions and consultant 
WGA were approached for alternate solutions. A 
proposal was made for works that would reduce the 
key safety risks and allow operations to resume. It 
was understood that these works would not 
constitute a long-term solution, that the concrete 
jetty would need to be completely removed from the 
load path and these immediate works would 
essentially become lost works. WGA were engaged 
to design this proposal and Maritime Constructions 
advised throughout. This approach was approved, 
the works undertaken consisted of: 
 
1) Moving conveyor support columns to the inside 

of the caisson which was still stable mitigating 
failure mode 1. 

 
Figure 9   Conveyor Column Relocation 

2) Partial demolition of the concrete wharf using 
hydroblasting equipment to take the weight out 
of the deck and mitigate failure mode 2. The 
amount of concrete falling was planned but 
could not be guaranteed, as such after 
considerable risk assessment this material was 
allowed to fall to the seabed. Longitudinal 
stability of the caissons was maintained by 
installing a steel beam between caissons. 

 

 
Figure 10   Hydro demolition of Spans 
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3) Installing new Structures to provide an 
alternate load path where the piles were no 
longer suitable to mitigate failure mode 3. 

  
 

 
Figure 11   Bent 13 Additional Structure 

 
Although the outage lasted 3 months, it was a major 
design and construction success. At the end of 
works, all steel was painted to suitable marine 
structure quality and it was assessed that the bulk 
of the repairs had bought 10-15 years of use with 
the exception of 2 areas where works were required 
within 3 years. Flinders Ports considered only 
repairing the two areas and holding off more 
significant works, but it was determined that 
Flinders Ports would commit to a full jetty 
replacement. Whilst the emergency works were 
underway, the long-term designs from the first 
consultancy engagement were being finalised. 
Further as the detailed design of the emergency 
works was completed and on the back of these 
efforts, WGA proposed to provide alternate 
concepts for Flinders Ports to consider for long term 
replacement and this was approved.  
 
3. Key Project Requirements 
The project had the following goals: 

• Provide support to conveyor 
• Load rating (AS5100 bridge code loading – 

SM1600) 
• 55t Mobile Crane (local crane) for 

maintenance of conveyor and structure 
• Conveyor and timber access jetty to remain 

operational during works to allow continued 
export of grain, minerals sands and 
gypsum. 

• Bollards towards start of sheet pile wharf 
acting as stern mooring points critical to 
mooring of vessels, required early 
replacement (temporary or permanent). 

• 50-year design life, extendable with 
standard maintenance (e.g. painting) 

 

4. Concept Options Considered 
The two consultants worked with Flinders Ports and 
developed a total of 9 concept designs to a level 
where estimating was carried out, including: 

• A full sheet pile wall encapsulation. 
• An overhead structure built completely 

outside of the envelope of the existing. 
• Several different steel frame structures. 

 
Figure 12    Discarded Sheetpile Wall Concept 

 

 
Figure 13   Discarded Overhead Frame Concept 

 
Ultimately a steel frame structure that was part of 
WGAs submission was chosen as the preferred as 
this design was determined to have the least 
downtime requirements and lowest risk score. WGA 
were engaged to take the concept to full detailed 
design. 

  
Figure 14   Approved WGA Concept 
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5. Final Design 
 
5.1 General Arrangement  
The final design arrangement consisted of the 
following (refer Figure 15 with colour coding): 
• Vertical steel piles (red). At every gridline 

(18.3m cts), two (typically 762Dia x 16thk) piles 
were driven each side of the existing jetty. The 
steel piles were shop painted with a high build 
epoxy paint system. 

• Welded in place steel headstocks (blue). 
Each group of two piles were connected 
(portalised) with a slotted and welded in place 
large square hollow section (SHS). Once 
welded in place, the headstock to pile joints 
were site painted and subsequently wrapped to 
provide added protection to the joints. 

• Transverse steel box beams (green). These 
custom welded box beams provided new 
support to the conveyor and support to the 
longitudinal beams. For both the transverse 
and longitudinal beams, design ensured welds 
were down-hand welds for ease of welding and 
subsequent painting. 

• Longitudinal steel box beams (yellow). 
These provided direct support to the precast 
deck panels. Bolted splices were avoided for 
the longitudinal steel beams and were instead 
welded for improved robustness and durability, 
particularly as they are not readily visible for 
inspection from above deck level. 

• Conveyor support trestles (pink). New 
columns and bracing extended from the 
transverse beams to the existing trestle beam 

to provide support to the conveyor gallery at 
the same location and allow release of the 
gallery loads from the existing deteriorated 
caissons. 

• Precast concrete deck (grey). The deck 
avoided the use of in-situ concrete, allowing an 
improved quality control. The concrete deck 
units were constructed with high durability 
concrete mix in accordance with AS4997 
recommendations (S50 Concrete Mix). The 
precast deck panels were fixed to the 
longitudinal steel beams via a grouted in place 
stud through a conical void (refer Figure 17). 

 

 
Figure 16   Final Design – General Arrangement 
Isometric 

 
Figure 15   Final Design – General Arrangement Cross-Section 
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Figure 17   Precast panel arrangement and fixing detail 

 
5.2 Lateral Load Path  
Typically, lateral loads (wind, wave and earthquake) 
were resisted by cantilever bending of the piles 
(approx. 15m embedment) from seabed, with load 
share between piles each side of the jetty via the 
transverse beams. At the transition section to the 
sheet pile wharf, bollards were required to be 
incorporated into the structure. In order to resist the 
larger bollard lateral loads, four piles were driven on 
one side of the jetty (instead of two) and a grouted 
in place braced steel headframe sleeve was 
installed over the piles (refer Figure 18). 
 

 
Figure 18   Sleeved pile group at bollard locations  

5.3 Longitudinal Load Path and Thermal 
Expansion  

The jetty was longitudinally restrained at the 
landside piled abutment. At approximately 120m 
from the abutment a thermal expansion joint (refer 
Figure 19) in the longitudinal beams allowed 
thermal movement release adjacent to the sleeved 
four pile group.  
 

 
Figure 19   Expansion joint detail 

 
6. Construction & Demolition Methodology 
 
6.1 Temporary Support to Deteriorated 

Caissons 
To facilitate install of the new transverse and 
longitudinal beams, the existing remaining concrete 
girders first required demolition. As these girders 
had the potential to be providing a level of 
longitudinal restraint to the deteriorated caissons, 
additional tension struts were required to be 
installed to restrain back to in-tact caisson and 
stable abutments. 
 
6.2 Demolition of existing deteriorated 

concrete  
Once the caissons had been stabilized, the existing 
concrete girders could be demolished. As the 
~75tonne girders were in a fragile deteriorated 
state, they first required support prior to the 
controlled demolition process. This was achieved by 
a temporary support frame installed over the 
existing girder. The frame supported a number of 
smaller hoisting frames, whereby chains were 
carefully passed under the existing girder and chain 
blocks were tensioned to support the concrete 
weight. As a result of Safety in Design process, an 
equalising trunnion ensured equal loading of the 
rigging either side of the girder to avoid twisting the 
deteriorate base of the girders. Refer Figure 20. 
 
Hydro-blasting then occurred from midspan via a 
custom work platform. De-rigging of the hoisting 
points progressively occurred as the span was 
demolished. 
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Figure 20   Support / hoisting arrangement 

 
6.3 Driving of piles  
Upon demolition of the existing deteriorated 
concrete, piles were driven via a Jack-up Barge 
(refer Figure 21). Achievement of design pile 
compression and tension capacity was confirmed 
by a combination of PDA testing and correlation of 
Hiley Formula capacity determination from pile 
driving records. 
 
 
6.4 Installation of transverse beams  
Transverse beams were then installed by crane 
from the JUB. The beams required ‘threading’ under 
the temporary caisson restraint struts, existing 
timber jetty and conveyor. This required a counter 
weighting of the beams to allow rigging to be located 
outside of these elements. 

 
Figure 21   Pile installation via Jack-up Barge (JUB) 

 
6.5 Installation of new conveyor supports  
The existing conveyor was then propped from the 
transverse beams to allow removal of the existing 
columns (supported by the caissons) and transfer of 
conveyor loads to the new permanent supports. 
 
7. Summary  
The rebuild of the jetty is considered a major 
success and has confirmed Flinders Ports 
commitment to the Port of Thevenard. Importantly 
for Flinders Ports and its customers the jetty rebuild 
did not require a significant outage and works were 
carried out around operations and within planned 
maintenance outages for the bulk handling plant. 
The efforts of all involved contributed to this 
excellent result. 
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Ports North completed the deepening and widening of their entrance channel into the Port of Cairns in late 2019 
after a ten year planning and approvals process. As the port is located adjacent to the Great Barrier Reef Marine 
Park and within a UNESCO World Heritage Area (WHA) the planning and approvals process was extensive. 
This included the preparation of two Environmental Impact Statements (EISs) following the introduction of new 
legislation during the original approvals process. The second EIS was prepared based on a rescoped project 
definition that centered around adopting a new onshore dredge material disposal site due to the banning of sea 
disposal of capital dredged material in the WHA. Works were ultimately completed under approximately 500 
approval conditions set by three levels of government across eight different agencies. A total of nearly 
800,000m3 of material was removed between June 2019 and September 2019. 
 
Dredging was carried out with a Trailing Suction Hopper Dredge (TSHD) and Backhoe Dredge (BHD) that 
disposed of material at two separate onshore locations. The TSHD pumped dredge material via an 8km pipeline 
to a Dredge Material Placement Area (DMPA) constructed on the site of an existing sand extraction quarry void 
and waste disposal facility (Northern Sands) located on the Barron River floodplain. Stiff clays dredged by the 
BHD were transported via barge and placed at an onshore location in the Port.  
 
Some of the unique environmental challenges and environmental impact management measures adopted in 
completing the works included addressing the requirements of multiple agencies and separate approvals 
processes; protection of sensitive benthic and terrestrial habitats located in the GBRMP and WHA; managing 
discharged tailwater quality from the DMPA into the Barron River, groundwater quality impacts on adjacent cane 
farms, and management and placement of dredged Potential Acid Sulfate Soils (PASS) material into the 
disposal site.  
 
Keywords: capital dredging, Great Barrier Reef, World Heritage Area, approvals 
 
1.0  Introduction 
The plan to widen and deepen the existing 
navigational channel at Cairns Port was first 
proposed by the Far North Queensland Ports 
Corporation (Ports North) in 2011. The Port of 
Cairns has a long history as a cruise destination in 
Queensland, with visitations growing at 
approximately 10% per year over about 15 years. 
As the size of cruise ships grew however, more and 
more vessels were unable to access the port, with 
some mega ships having to anchor offshore and 
ferry passengers to Cairns. This meant that both 
passengers and staff were discouraged from 
coming ashore, reducing potential revenue for 
Cairns’ businesses. Ports North, with support from 
the Queensland Government, proposed to expand 
the existing channel, estimating that improved 
access would deliver regional economic benefits of 
$436 million over 25 years and create up to 540 full 
time equivalent jobs (Bunt, J & Fletcher, A, 2011). 
 
2.0  Initial Project Description 
Initially, it was proposed to widen the channel to 
140m and increase its depth to -9.4m Lowest 
Astronomical Tide (LAT). This would have involved 

removal of up to five million cubic metres of capital 
material, which would be placed within the Great 
Barrier Reef World Heritage Area (WHA) and Great 
Barrier Reef Marine Park (GBRMP). A number of 
studies (Connell Wagner, 1990 & 1992 and GHD, 
2000 and BMT WBM, 2014) had examined the 
potential for beneficial reuse of the capital dredge 
material and concluded that its poor geotechnical 
qualities made sea placement the most appropriate 
option for handling the large volume of material.  
An EIS was prepared and submitted to the 
Queensland and Australian Governments based on 
an at sea placement option in early 2015.  
 
In 2014, the World Heritage organisation UNESCO 
expressed concern about serious decline in the 
condition of the Great Barrier Reef WHA, siting the 
approval of the Port of Abbott Point expansion and 
the placement of dredge spoil within the WHA as a 
potential threat (amongst others) to its values 
(UNESCO, 2014). It recommended that the Great 
Barrier Reef should be placed on its ‘in danger’ list 
in 2015 if no ‘substantial progress’ on their key 
concerns was taken to protect the reef. Although, 
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ultimately, the Great Barrier Reef was not listed as 
‘in danger’, this position is regularly reviewed.  
 
As a world icon, the value of the Great Barrier Reef 
to Australia from an environmental and cultural 
perspective is enormous. Deloitte Economics (2017) 
estimated that the Great Barrier Reef contributed 
$6.4 billion and 64,000 jobs to the Australian 
economy (both direct and indirect) over the 2015-
2016 financial year. The potential listing of the Great 
Barrier Reef as being ‘in danger’ highlighted not 
only the environmental risks posed to the reef’s 
survival, but also to the social and economic 
benefits it provides.  
 
3.0  Revised Project 
In June 2015, the Australian and Queensland 
Governments announced that capital dredge 
material could no longer be disposed in the Marine 
Park and altered the Regulations accordingly. As a 
direct result, the proposal to dredge the Cairns 
shipping channel and place dredge material at sea 
was put on hold. In 2016, further navigational 
simulations were undertaken to identify whether 
cruise ships visitations could still be optimised whilst 
limiting dredging volumes. The redesigned channel 
resulted in a reduction of the dredging volume to 
1,000,000m3, and a revised EIS was prepared and 
approved by the Queensland Government in 2018. 
Some further navigational simulations and 
negotiations with the Harbour Master post-approval 
reduced the dredge volume still further to 
approximately 800,000m3. For comparison, this 
volume is roughly equivalent to two annual 
maintenance dredge campaigns for the Port of 
Cairns.  
 
The revised proposal also sought to find alternatives 
to placement of capital dredge material within the 
Marine Park and WHA. An extensive study was 
undertaken to find a land-based site suitable for 
placing the dredge material. Land within the 
proximity of the Port of Cairns is heavily constrained 
either because of flood prone areas or other 
environmental features including the Wet Tropics 
WHA. The material to be dredged contained a fines 
content of over 90%, which meant it was largely 
unsuitable for beneficial reuse such as fill or beach 
nourishment.  
 
An existing sand quarry and waste disposal facility 
on the Barron River Delta was identified and 
proposed as the new placement site for the bulk of 
dredge material, with the remainder of the stiff clay 
material being placed on port land as fill. The 
revised proposal successfully balanced the need to 
provide additional safe access for visiting cruise 
ships to support Queensland’s tourism industry as 
well as minimising potential environmental and 

reputational impacts to the Great Barrier Reef, upon 
which tourism is heavily based.  
 
4.0  Potential Environmental Impacts 
Posed by Land Placement 
Whilst the revised project posed a reduced risk to 
the values of the Marine Park compared to the 
original proposal, it certainly increased the 
complexity of the project and subsequent 
environmental assessment and approval 
requirements. The move to land-based disposal 
raised a new set of environmental risks that needed 
to be considered and managed. The material was to 
be brought ashore via an 8km long delivery pipeline, 
before being placed in a 34.6ha void adjacent to the 
Barron River. In order to store the dredge material 
and associated dredge water, the existing bund 
around the void had to be raised. Tailwater was 
then discharged via an additional 2km pipeline to 
the Barron River.  
 
The operational requirements in regard to 
settlement, site volume, and capacity had to be 
achieve a balance between design objectives for 
the site, as well as against the potential for 
environmental impacts that needed to be assessed 
and managed by bringing material to land and some 
of those included:  

 
• Increasing downstream flood risk to surrounding 

properties and transport networks as a result of 
raising the bund wall at Northern Sands to 
accommodate the dredge volume (in-situ 
material and dredge water) 

• The clearing of protected vegetation to install the 
dredge delivery pipeline, including marine plants 
and endangered plant species 

• Disturbance of habitat for protected fauna 
species including the Beach Stone Curlew 

• Disturbance of a Fish Habitat Area along the 
banks of Richters Creek 

• Changes to the composition of the fish 
population within the Northern Sands DMPA 

• Changes to groundwater as a result of placing 
saltwater into a largely freshwater lake system 
and understanding how this impacted native 
vegetation and adjacent agricultural land 

• Impacts to surface water quality within the 
Barron River as a result of tailwater discharge 

• Interfering with indigenous cultural heritage sites 
that were close to the Northern Sands DMPA 

• The potential to release acidic waters to the 
groundwater or Barron River as a result of 
placing actual and potential acid sulfate spoils 
within the Northern Sands DMPA 

• Concerns about noise nuisance experienced by 
surrounding residents from pumping of dredge 
material 
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The Coordinator-General’s Report evaluating and 
approving the EIS was issued in February 2018, 
recommending that the project proceed, subject to 
the stated conditions. This effectively provided an 
overarching approval that ‘any adverse 
environmental impacts could be adequately 
avoided, minimised or mitigated’ with the 
implementation of the management measures 
committed to in the EIS.  
 
5.0  Post-EIS Approvals 
Before works could commence however, Ports 
North were required to seek downstream 
environmental approvals from themselves (as the 
assessment manager for development on Port 
Land), Cairns Regional Council, the Queensland 
Government, and the Australian Government, which 
took a further fourteen months to achieve following 
EIS approval. In addition, a legislative amendment 
to the Fisheries Regulations was required to alter 
the boundary of the Trinity Inlet Fish Habitat Area to 
accommodate the channel widening. 
 

These approvals are detailed in Table 1 below, and 
constitute fifteen separate approvals, under ten 
different pieces of legislation from three different 
levels of government. Upon receipt of all project 
approvals, the project was subject to a total of 539 
conditions.  
 
One of the key conditions of approval was that 
dredging could only occur between the months of 
March and September, to protect sensitive 
environmental receptors (i.e. seagrass and corals) 
during their growing and spawning season. The 
effect of time taken to achieve the approvals placed 
a significant restriction on the period in which 
preparatory works could be undertaken, as the 
North Queensland wet season also posed a 
significant constraint to site preparations at the 
Northern Sands site, with late rainfall in early 2019 
proving challenging for bund construction works. 
The project delivery needed to be carefully planned 
to ensure confidence that works could be 
undertaken within that available window for the 
dredge activity. 

Table 1: Downstream approvals for the Cairns Shipping Development Project 

Approval Administering Authority Scope 

Controlled Action under the Approval 
Environmental Protection and 
Biodiversity Conservation Act 1999 

Commonwealth Department of 
Environment and Energy 

Provisions related to the protection of 
Matters of national environmental 
significance 

Environmental Authority for capital 
dredging, dredge material delivery 
pipeline and Tingira Street DMPA 
under the Environmental Protection 
Act 1994 

Department of Environment and 
Science (Qld) 

Capital dredging, construction and 
operation of dredge material delivery 
pipeline to Northern Sands DMPA, 
placement of dredge material at Tingira 
Street DMPA 

Environmental Authority for 
placement of dredge material at 
Northern Sands under the 
Environmental Protection Act 1994 

Department of Environment and 
Science (Qld) 

Onshore placement of dredged material 
at Northern Sands DMPA and discharge 
of tailwater 

Marine Parks Permit under the 
Marine Parks Act 2004 

Department of Environment and 
Science (Qld) 

Infrastructure works in Great Barrier Reef 
Coast Marine Park, including offshore 
pump-out facility and dredged material 
delivery pipeline 

Development Permit (Material 
Change of Use) for Northern Sands 
DMPA under the Planning Act 2016 

Cairns Regional Council Operation of Northern Sands DMPA 

Development Permit (Operational 
Works) for Northern Sands DMPA 
Bunds under the Planning Act 2016 

Cairns Regional Council Earthworks to raise bunds at Northern 
Sands DMPA 

Development Permit (Operational 
Works) for Capital Dredging under the 
Planning Act 2016 

Ports North Capital dredging 

Development Permit (Operational 
Works) for Dredging-related 
Infrastructure under the Planning Act 
2016 

Cairns Regional Council Construction of offshore mooring and 
pump-out facility, dredged material 
delivery pipeline and discharge pipeline, 
include clearing works 
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Approval Administering Authority Scope 

Development Permit (Operational 
Works) for Tingira Street DMPA 
under the Planning Act 2016 

Ports North Placement of stiff clays at Tingira Street 
as engineered fill, and construction of 
laydown and pipe swinging area. 

Resource Allocation Authority under 
the Fisheries Act 1994 

Department of Agriculture and 
Fisheries (Qld)) 

Placement of dredged material delivery 
pipeline within Yorkeys Creek Fish 
Habitat Area 

Allocation of Quarry Material under 
the Coastal Protection and 
Management Act 1995  

Department of Environment and 
Science (Qld) 

Removal of up to 1,000,000 m3 of 
material from below high-water mark on 
unallocated state land 

Sales Permit under the Forestry Act 
1959 

Department of Agriculture and 
Fisheries (Qld) 

Removal of up to 25,000 m3 of material 
from below high-water mark in Lot 
40/SP113657 (wet lease) 

Cultural Heritage Management Plans 
under the Aboriginal Cultural Heritage 
Act 2003 

Department of Aboriginal and 
Torres Strait Islander 
Partnerships (Qld) 

Agreement with three local Traditional 
Owner groups for potential impacts to 
cultural heritage values. 
The four agreements are for: 

 Northern Sands DMPA; 
 Mooring facility and pipeline; and 
 Dredging activity and wharf works 

(subject of CHMP with two separate 
parties). 

Road Corridor Permits under 
Transport Infrastructure Act 1994 

Department of Transport and 
Main Roads (Qld) 

Placement of pipelines in road reserve of 
Captain Cook Highway (state controlled 
road), and disruption of traffic during 
construction 

Permits under Nature Conservation 
Act 1992 to take protected species 

Department of Environment and 
Science (Qld) 

Impacts to protected species and 
translocation of a protected plant 

 
6.0 Environmental Management Processes 
and Monitoring Prior to, During and Post 
Dredging  
In addition to the two EIS documents previously 
prepared, a significant amount of additional 
monitoring, modelling and reporting was required 
prior to project commencement to meet the 
requirements of these conditions. Additional studies 
or tasks that were required before works could 
commence included: 
 

• Identifying a dredge delivery pipeline alignment that 
minimized the removal of marine plants and other 
protected vegetation and gaining property approvals 
from relevant land owners 

• Agreeing surface water quality monitoring sites and 
trigger levels through preparation of a Receiving 
Environment Monitoring Plan 

• Additional flood modelling to optimise the bund 
height (for storage capacity) yet also protect 
property from flood afflux risk, as well as avoid flood 
remobilisation of placed material 

• Preparation of vegetation clearance, monitoring and 
rehabilitation plans 

• Translocation of the protected plant species, Ant 
Plant (myrmecodia beccarii) and monitoring of its 
success 

• Preparation (and approval of) a Dredge 
Management Plan 

• Fish surveys for the Northern Sands site 
• Additional groundwater monitoring and modelling to 

characterise the impacts to surrounding properties 
• Preparation and agreement of three Cultural 

Heritage Management Plans 
• Additional noise modelling to understand whether 

pumps would cause noise impact to adjacent 
properties  
 
To manage compliance with approval conditions 
during dredging, a number of key management 
mechanisms were put in place. An independent 
Technical Advisory Group, made up of subject 
matter key experts was set up across 10 areas of 
expertise and its members reviewed and approved 
key management plans as well as being involved in 
investigations of potential non-compliance issues. 
Figure 1 below shows the management structure 
put in place during the project.  
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Each approval condition was tracked and progress 
against each reported against on a weekly basis.  
Works were managed primarily through an 
overarching Dredge Management Plan (Refer to 
Figure 2), which was approved by both the 
Queensland and Australian Governments as well as 
the Technical Advisory Group. There were a 

number of sub-plans which included water quality 
monitoring, groundwater management, acid sulfate 
soils management and vegetation management 
plans amongst others; these were all approved by 
approval agencies prior to the commencement of 
works.  

 
 

 
Figure 1: Dredge Program Management Structure 
 

 
Figure 2: Management Plans put in Place to Manage Dredging Activity 
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Works commenced in May 2019, which included 
site preparation, vegetation clearance and delivery 
pipe construction and was completed in November 
2019, with removal of the Northern Sands DMPA 
delivery pipeline. Dredging itself was conducted 
over a 12 week period between the end of June and 
early September. A total of 807,807 in-situ m3 of 
dredge material was removed as part of the capital 
dredging campaign, significantly below the 5 million 
m3 originally proposed in 2011. 
 
During dredging there was a significant Receiving 
Environment Monitoring Program in place. This 
included continuous water quality monitoring at six 
sites placed at sensitive receptor locations within 
Trinity Bay and Trinity Inlet to monitor turbid dredge 
plumes and a further four sites within the Barron 
River to monitor tailwater discharge. Benthic 
Photosynthetically Available Radiation (PAR) was 
also monitored at four sites within the seagrass 
meadows in Trinity Bay.  In order to determine the 
amount of fine sediment released from the project 
(which attracted an offset from the Commonwealth 
Government), further field data was collected from 
the water column within the dredge plume. Other 
data collected during dredging included 
groundwater quality, coral surveys, dredge 
sediment sampling for PASS and Actual Acid 
Sulfate Soil (AASS) material and observations of 
the presence of marine megafauna.  
 
Post-works monitoring has included seagrass 
monitoring, continued groundwater monitoring until 
conditions returned to pre-works condition 
(approximately 18 months), vegetation rehabilitation 
and monitoring for a period of 12 months and coral 
condition surveys.  
 
7.0 Project Compliance  
The data collected during and following the dredge 
campaign has demonstrated that the project was 
successfully carried out in a manner which 
minimized environmental impact and was within the 
range of predictions made in the EIS. The 
management measures and monitoring put in place 
meant that: 
• Dredging achieved the target depths and the 

total volume of dredging being within the 
approved volume limits. 

• Dredging was completed within the timeframes 
imposed by approval conditions (i.e. between 
March and September) and all works (including 
demobilisation and bund wall reconfiguration) 
prior to the commencement of the wet season. 

• The project management system set up prior to 
dredging within the Dredge Management Plan 
functioned effectively, with any potential 

licence non-compliance or exceedances 
investigated and resolved promptly, with input 
from the relevant technical specialists 
(including members of the Technical Advisory 
Group) provided where required. 

• No exceedances of surface water quality limits 
(turbidity and PAR) set for dredging activity 
throughout the dredging campaign within 
Trinity Bay and Trinity Inlet were experienced. 

• Tailwater discharge managed so that no 
adverse impacts upstream or downstream of 
discharge have been identified. 

• Real-time dredge plume validation monitoring 
demonstrated that turbidity plumes were similar 
to those predicted by numerical modelling in 
the EIS. 

• The zones of influence areas for potential 
ecological impact were similar (and slightly less 
than) those predicted in the EIS, based on 
plume validation monitoring results. 

• Coral and seagrass assessments taken prior to 
and post-dredging show that predicted EIS 
outcomes have been validated, with no 
dredging related impacts recorded at sensitive 
receptors. 

• Groundwater and vegetation monitoring has 
demonstrated that no significant impacts to 
groundwater Environmental Values beyond the 
boundary of the site were experienced, 
although there were some occasional 
exceedances of trigger values. 

• The clearance of marine vegetation was 
minimised through careful construction 
planning; these areas are in the process of 
being rehabilitated in accordance with approval 
requirements. 

• No incidents of marine or terrestrial fauna 
interaction with dredge and other construction 
equipment were recorded. 

• Only one nuisance issue was recorded (in 
relation to after-hours noise), which was 
successfully resolved by applying operating 
hours as per the Dredge Management Plan. 

 
All conditions of approval have now been met, with 
no major incidents or environmental harm occurring. 
There have been no identified impacts to the Great 
Barrier Reef World Heritage Area as a result of the 
project.  
 
7.0  Conclusion 
 
The successful delivery of the project, in compliance 
with all approval requirements, demonstrates that 
dredging projects can be accomplished effectively in 
sensitive marine environments.  
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There is no doubt the decision to change the project 
methodology to accommodate a reduced volume 
and place material on land did contribute to a 
significantly more complex approvals and process 
and required stringent environmental management. 
However the additional time and costs were an 
investment by the state government to protect the 
values of the GBR World Heritage Area, an 
outcome that has many environmental and social 
benefits.  
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Abstract 
Major earthquakes such as the Canterbury earthquake sequence of 2010/2011 and Kaikoura 14/11/2016 have 
provided new insights and improved how we value port assets for insurance purposes. These events 
highlighted deficiencies in the way marine structures have traditionally been valued. This paper discusses 
some of these issues, including: 
 

• Proper estimation of reinstatement cost; 
• Importance of and confusion around indemnity value; 
• Lack of reconciliation / understanding between stakeholders (asset owner, engineers, valuers, 

brokers, and insurers). 
 
Many of our port infrastructure assets are near end-of-life, and if rebuilt today would require significantly greater 
capital to comply with current codes and standards than simply replicating the existing asset. Current codes 
and standards require a stable interface between marine structures and the land platform. Where these 
structures abut reclaimed land, reinstatement generally requires mitigation works to stabilise the slopes upon 
which the marine structures are founded; often this takes the form of ground improvement works. However, 
these additional costs have often not been included in the estimate of reinstatement costs. 

Most insurance contracts have provision for early payout on indemnity value as an interim settlement pending 
the final payout of reinstatement cost. It is, therefore, in the asset owner’s interest to have this information 
ready, and in a form that can be verified easily and signed off by the insurer. Current definitions of indemnity 
value are not clear. They refer to loss of value. How should this loss of value be quantified? Insurers adopt a 
loss in Optimised Depreciated Cost, which represents loss in accounting value. However, this can be 
substantially different from the financial loss suffered by the asset owner, as accounting reporting values do 
not include for the time value of money. 

This paper discusses the key issues and lessons learnt. It also provides a case study to demonstrate the 
issues and how they are addressed. Through this it seeks to improve understanding and agreement between 
asset owners, insurers and valuers. 

Keywords: Port Insurance Valuation, Earthquake Claims 
 
1. Introduction 
The traditional practices of the port insurance 
valuation industry have been tested during 
earthquake claim negotiations following recent 
earthquakes. Under this scrutiny, systemic issues 
have been revealed in the approaches used for 
valuation. These include: 

• Proper estimation of reinstatement cost; 
• Importance of and confusion around 

indemnity value; 
• Lack of reconciliation / understanding 

between stakeholders (asset owner, 
engineers, valuers, brokers, and insurers). 

 
This paper discusses these issues and provides a 
numerical example. 

 
2. Experience following Recent Earthquakes 
Our experience following recent earthquakes 
includes significant inputs into the Lyttelton Port 
Company and CentrePort insurance claims. 

The first important thing is to have a satisfactory 
insurance valuation that supports a well-
documented insurance schedule. Good 
communication between the asset owner and the 
valuer is an essential part of the insurance valuation 
process. It is important that any changes to the 
assets and their knowledge of the assets since the 
previous valuation are accounted for. This includes 
relevant scopes of work undertaken on the assets 
and any relevant estimates developed since the last 
valuation (because these provide better accuracy 
than a valuation desktop exercise). 

A correct estimate or an underestimate of insurance 
loss can result from many things. Several important 
aspects are discussed in the following sections. 

 
3. Reinstatement Cost 
An accurate description of exactly what is included 
in each insurance schedule item is very important, 
particularly with such marine assets as wharves. 
For instance, are services, the dredged berth 
pocket, retaining walls, embankment below / behind 
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the wharf, ground improvement, the immediately 
adjacent pavement, drainage systems, crane rails 
etc deemed to be covered or not in each schedule 
item? Given that various components of the wharf, 
including the embankment, act as a system, a 
simple annotated drawing of the cross-section can 
assist greatly. It is, therefore, likely that utilising 
insurance policies developed for buildings and 
simply applying them to marine assets such as 
wharves can lead to multiple protracted issues 
during an insurance claim.  

A similar challenge exists with breakwaters and 
pavements where the integrity of the seabed or 
subgrade is integral to the satisfactory function of 
the breakwater or pavement. These elements may 
also need repair in an insurance reinstatement. 

It is important to establish what the interface is 
between “land” as defined in the insurance policy 
(and generally uninsured) and an insured asset 
such as a wharf. 

If existing assets have been upgraded or resilience 
measures have been added since the last valuation, 
the increase in value needs to be established. Any 
asset extensions must also be captured in the 
insurance schedule. 

Port reclamations sustain overall settlement and 
differential settlement that can have a very 
significant effect on drainage, pavements, services, 
and operations. The reinstatement phasing and cost 
for reinstatement of these individual assets and the 
interface between the assets need careful 
assessment. This requires an understanding of 
what insurance policy exclusions will apply and 
what the asset owner will, effectively, “self-insure”. 
This ensures that the insurance schedule upon 
which the premium is based does not include items 
that are excluded by the policy wording. 

If asset owners require greater accuracy with 
reinstatement costs in the insurance schedule than 
result from a traditional valuation exercise, then 
engineering inputs and separate estimating work is 
required.  

 
4. Indemnity Value 
 
4.1 Current Practice 
Most insurance contracts have provision for early 
payout on indemnity value as an interim settlement 
pending the final payout of reinstatement cost. It is, 
therefore, in the asset owners’ interest to have this 
information ready to hand and in a form that can be 
verified easily and signed off by the insurer. 
However, current definitions of indemnity value are 
not clear. They refer to loss of value, and this raises 
the question of how this loss of value should be 
quantified? Insurers adopt a loss in the form of the 
Depreciated Replacement Cost, which represents 
the loss in accounting value. However, this can be 

substantially different from the financial loss 
suffered by the asset owner because financial 
reporting values do not take into account the time 
value of money. 
 
The definition of Indemnity Value written by valuers 
(ANZVTIP 4) [1] differs from that presented by 
insurers. There is also variability in the interpretation 
and application by valuers and insurers. Industry-
wide clarification of the definition and application of 
Indemnity Value would be beneficial to all parties. 
Insurance valuations of specialised infrastructure 
have, over the last two decades, become a routine 
requirement for New Zealand infrastructure owners. 
Market observations indicate that there is tacit 
acceptance by industry (both valuers and insurers) 
that the Indemnity Value of these assets is 
represented by Depreciated Replacement Cost 
(DRC). 
 
4.2 Depreciated Replacement Cost 
Depreciated Replacement Cost is the replacement 
cost of a modern, least cost, equivalent asset, 
adjusted for physical deterioration and all relevant 
forms of obsolescence and optimisation. This 
method for estimating the current value of a 
specialised asset is required by International 
Accounting Standards [2] for financial reporting 
purposes. The adjustment made for deterioration 
and obsolescence in an accounting sense is called 
depreciation of the asset. It is a financial process 
used for allocating the capital cost of an asset over 
its total useful life. The distribution of this allocation 
is set to match the pattern of benefits generated by 
the asset. It is generally accepted that infrastructure 
assets generate a uniform benefit throughout their 
lives, and hence straight-line depreciation is the 
norm, presented in Equation 1. The value of the 
asset, therefore, follows a triangular pattern as 
illustrated in Figure 1. 
 

𝐷𝐷𝐷𝐷𝐷𝐷 = 𝐷𝐷𝐷𝐷 𝑥𝑥 𝐷𝐷𝑅𝑅𝑅𝑅/𝑅𝑅𝑅𝑅  (1) 
 
where DRC = depreciated replacement cost; RC = 
replacement cost; RUL = remaining useful life; and 
UL = useful life. 
 

 
Figure 1 Diagram showing the linear decrease in value of 
an asset over its lifetime for accounting purposes. 

The following example is a simplified explanation of 
how this process is applied. Suppose the 

682



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Ports Insurance Valuations: Learnings from Recent Earthquakes 
Greg A. McMullan, John V. Vessey and Gary W. Chalmers 
 
Replacement Cost of a wharf is $100M, it has an 
expected total useful life of 70 years, and an 
assessed remaining useful life of 25 years. The 
accounting value (DRC) using Equation 1 is 
$35.7M, illustrated diagrammatically in Figure 2. 
 

 
Figure 2 Diagram showing the accounting value of an 
asset with a replacement cost of $100M as $35.7M at 45 
years into a 70-year lifetime. 

Suppose the wharf is destroyed by an earthquake 
at year 45. The DRC of $35.7M would be the 
accepted insurance industry amount for Indemnity 
Value of the wharf. This would be the amount an 
insurer would expect to pay out on indemnity value 
of this asset. How does this compare to the payout 
implied by industry definitions of indemnity value? 

4.3 Valuer Definition – Physical Condition 
The Australian New Zealand Valuation Technical 
Information Paper 4: (ANZVTIP 4) Valuation for 
Insurance Purposes [1], defines Indemnity Value as 

“The cost necessary to replace, repair and 
or rebuild the asset insured to a condition 
and extent substantially equal to but not 
better or more extensive than its condition 
and extent at the time that the damage 
occurred, taking account of age, condition 
and remaining useful life.” 

In other words, it is the cost to restore the physical 
state of the asset to its pre-damaged level. This 
physical rebuild cost can be significantly different 
from the DRC value. 

Estimating the cost to replace, repair or rebuild an 
asset to its pre-damaged state is conceptually 
difficult and subject to uncertainty, requiring expert 
judgement. Factors to be considered when 
assessing this cost include: 

• A large proportion of the cost (particularly 
the fixed cost) to rebuild an asset back to a 
“less than new” state will be practically the 
same as the cost to build a new asset. 

• The rebuilt asset must comply with current 
codes and standards. 

• Post-event construction costs will be 
inflated by the surge in demand. 
Construction and repair costs are 
influenced by the supply of and demand for 
resources in the marketplace. The post-
earthquake costs in Christchurch and 
Kaikoura were materially higher than their 

pre–earthquake costs, reflecting the 
increased demand for contractors that 
occurred following the earthquakes. 

 
Considering the same wharf example, at an age of 
45 years the wharf is destroyed. Its Indemnity Value 
according to the ANZVTIP 4 definition could literally 
be the cost to rebuild a wharf to the same dimension 
and load capacity, but with a 25-year life instead of 
the normal 70-year life. The cost of doing this is 
likely to be only marginally cheaper than the cost of 
building the wharf to the original 70-year design life; 
say 60% to 80% of its full replacement value. If we 
assume that cost rates are 5% higher post-
earthquake because of the increased demand and 
that compliance with current building codes adds 
another 5% (note that this can be as high as 100% 
if ground improvements adjacent to the wharf are 
required) the Indemnity value will be at minimum 
$66M (using the lesser value of 60% in this 
example), but potentially higher. Presumably, this 
literal interpretation is unlikely to be the intent of the 
guidelines. It is impractical and involves much 
uncertainty in its calculation. 

4.4 Insurer Definition – Financial Loss 
The insurance industry defines indemnity cover as 
a payment designed to put an entity in the same 
financial position it was in immediately before the 
loss occurred [3]. In other words, indemnity is a 
contractual obligation of the insurer to compensate 
for the actual or potential loss suffered by the 
insured party. 

Insurance contracts for indemnity value generally 
do not provide an unequivocal definition of 
indemnity value. Market experience indicates that 
the measure that valuers and insurers use to reflect 
the loss of asset value if the asset is destroyed is 
the DRC. However, this is not the loss of financial 
value to the asset owner. DRC is an accounting 
value required for financial reporting purposes. The 
actual loss of financial value may be much greater. 
The difference between financial and accounting 
value occurs because the accounting method of 
valuation does not take into account the time value 
of money. In other words, it does not recognise that 
receiving a dollar at some future date is less 
valuable than receiving a dollar now, because of the 
delayed use of that money until some future date. 

To illustrate the difference between the accounting 
value and the financial value, consider the same 
example where the destroyed wharf had 25 years of 
expected remaining life at the time it was destroyed. 
Using the insurance industry wording for indemnity 
value, the insurance payout is intended to offset the 
asset owner’s loss. In this circumstance, the 
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indemnity insurance payout should be such that the 
total present value cost to the asset owner remains 
unchanged after the event. Prior to the event, the 
owner expects to replace the wharf in 25 years and 
then again in 90 years. Assuming the replacement 
cost of the wharf is $100M and a discount rate of 
4%, the total present value replacement cost is 
$39.5M. After the event, the asset owner faces 
replacing the wharf immediately (in year 0) and 
again in year 70. What is the dollar amount the 
insurer must compensate the asset owner that will 
maintain the present value cost at the pre-event 
total of $39.5M? This calculation is presented in 
Figure 4. 
 

 
Figure 3 Calculation of insurance payout to compensate 
financial loss, including consideration of the requirement 
for compliance with current standards and post-event 
increases in construction costs. “Cost (m$)” is the 
replacement cost at the year specified. “PV Cost ($m)” is 
the present value of that replacement cost. “Rep” and 
“Rep Cost” is the replacement cost. “Res Val” is the 
residual value of the asset at the specified year. “RC” is 
the replacement cost”. “Ins Payout” is the insurance 
payout. 

The insurance payout required to avoid the asset 
owner suffering loss is $66.9M, as illustrated in 
Figure 4. If we assume for illustration purposes that 
there is a 5% increase in construction costs in the 
post-event situation and that a further 5% cost 
increase is required to meet current code 
requirements, then the insurance payout increases 
to $75.5M. 
 

 
Figure 4 Diagram comparing the financial value of an 
asset over its lifetime with the accounting value. Note that 
there can be a significant difference between the two. The 
example of an asset with a $100M replacement cost 
valued by the two approaches 45 years into a 70-year life 
is applied to show this comparison in numerical terms. 

 
5. Maximum Probable Loss 
To help stakeholders understand the valuation 
provided, valuers usually estimate Reinstatement 
Cost based on assets being 100% destroyed. In 
reality there will be varying degrees of damage to 
the assets and hence insurers apply reduction 
factors to the full asset reinstatement costs such 
that the summed damage across the full portfolio of 
assets represents a realistic estimate of Maximum 
Probable Loss, often taken as the insurer’s 
maximum exposure. Therefore, are the 
assumptions used in calculating this realistic? 

For port assets where the design and construction 
of the reclamations and the sea walls predates more 
recent knowledge of seismic performance, 
simplistic assessments of seismic performance can 
differ markedly from the actual performance. 

The most critical issue for marine structures and 
other assets constructed on or near the edge of a 
non-engineered reclamation is the geotechnical 
performance of the edge of the reclamation/ 
seawall. Put simply, in a significant earthquake the 
reclamation will displace seawards taking marine 
assets such as wharves with them, and the level of 
damage will be proportional to the lateral 
displacement. Assets that are rebuilt will need to be 
designed to current codes and standards and need 
to limit these lateral displacements to satisfy 
legislative requirements. This can incur significant 
additional costs if ground improvement is required. 
Facing the Indemnity Value issues outlined above 
this will further increase the demand on capital for 
the insured when reinstatement involves 
reconstruction. 

For such assets as the rubble mound breakwaters 
that are often utilised in New Zealand (with a life in 
excess of 200 years if adequately maintained), it 
would not be expected that they might be 100% 
destroyed in an earthquake. Full Replacement Cost, 
which envisages rebuilding from scratch, may not 
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be the most useful approach to valuing the possible 
loss on these assets. 

Understanding the likely repair cost allowing for the 
seismic hazard and geotechnical setting represents 
a far more pragmatic approach to assist with 
derivation of a realistic Maximum Probable Loss. 

6. Summary  
Market experience following recent earthquakes 
indicates that the following ought to be considered 
in any port insurance valuation. 

The insurance valuation report and associated 
schedules utilised in the insurance policy is an 
important document. It is important that the asset 
owner is satisfied that it covers the assets intended 
to be insured. Also, if the asset owner requires 
greater accuracy with reinstatement costs in the 
insurance schedule than result from a traditional 
valuation exercise, then separate engineering 
inputs and estimating work are required. 

Marine assets are more complicated than buildings 
and, therefore, it is important that the insurance 
schedule items accurately capture each asset and 
that the reinstatement cost captures the cost to 
reinstate the complete system that makes up the 
asset.

The definitions of Indemnity Value, used by the 
Valuation and Insurance industries, are inconsistent 
and ambiguous. The method currently used for 
assessing Indemnity Value, namely DRC, does not 
provide the cover purported by either definition. 

Indemnity Value can vary widely depending on 
different possible interpretations of industry 
standards and definitions. For the example 
considered the possible indemnity values were: 

• Accounting DRC $35.7M; 
• ANZVTIP 4  $66M or greater; 
• Financial Loss  $66.5 - $75.1M. 

 
Current estimates of Maximum Probable Loss are 
based on simplistic methods and would be 
improved by consideration of the seismic hazard 
and geotechnical setting of the port. 

Consideration of the above will allow for significant 
improvements in the valuation. 
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Abstract 
In 2018, the Management Guidelines for Surfing Resources were published to guide and support the 
application of Policy 16 of the New Zealand Coastal Policy Statement 2010 (NZCPS).  Policy 16 of the NZCPS 
provides a legislative framework that identifies and calls for the protection of surf breaks of national and 
regional significance by "ensuring that activities in the coastal environment do not adversely affect the surf 
breaks” and by "avoiding adverse effects of other activities on access to, and use and enjoyment of the surf 
breaks”. 
 
A significant component of the Management Guidelines for Surfing Resources was developed from real-life 
scenarios where surf breaks were under threat due to a variety of coastal developments and activities.  The 
case studies cover a variety of different activities and developments at a range of different surf break types, 
including marina development and changes to an estuary delta, marine farms and wave transmission, the 
impacts of nearshore disposal of dredge spoil on two of New Zealand’s nationally significant breaks, an 
international airport extension and the implications of beach rehabilitation having impacts on surf quality.  In 
the majority of cases, win-win management strategies were developed to ensure the protection of surf breaks 
while also allowing for the sustainable development and management of marine resources. 
 
These case studies are related to the development of the Management Guidelines for Surfing Resources and 
show how the application of surf science, understanding of the local coastal morphodynamics and stakeholder 
consultation have addressed a range of complex issues and resulted in positive outcomes, as well as the need 
for rigorous baseline monitoring to quantify and understand the mechanics of a surf break in order to 
understand the potential impacts of a proposed development and how it may best be managed. 
 
Keywords: surf science, resource management, coastal morphodynamics, consultation. 
 
1. Introduction 
Surfing has a very long history compared to many 
sports, with Polynesians partaking in wave riding 
well before European contact [1].  It was described 
by Joseph Banks who reported seeing Maohi 
(Indigenous Tahitians) riding wooden boards while 
visiting Tahiti aboard HMS Endeavour during the 
first voyage of James Cook, while in Aotearoa New 
Zealand surfing was a past time of the Māori people, 
carried out using a variety of craft, including boards, 
or kopapa, and even bags of kelp (poha) [4,5]. 
 
Interest in surfing grew following demonstrations to 
Wellington locals by the Hawai'ian surfer Duke 
Kahanamoku in 1915, and by the 1920s and 1930s 
in Aotearoa New Zealand, people were riding solid 
wooden boards and the Surf Life Saving movement 
began using heavy plywood skis to paddle through 
the surf and assist in rescues [1].  By the late 1960s, 
the surfboard building industry was flourishing and 
building boards that allowed greater speed and 
more complex manoeuvres leading to a ‘boom’ in 
surf culture. 

 
Today, it is estimated that between 17 and 35 million 
people surf worldwide, and surfing is a multibillion-
dollar industry on a global scale which includes the 
manufacturing and retail of both soft and hard goods 
(clothing and equipment), media publications, 
rentals and instruction, camps, contests, and surf-
parks, which has led to the development of a 
particular branch of economics know has 
‘Surfonomics’. [6].  Surfonomics aims to document 
surfing’s economic contributions to local and 
regional economies, and has helped support 
challenges to marine developments and activities 
that have the potential to negatively impact on surf 
breaks.  With so many people now actively involved 
in surfing – 1 in 4 Western Australian’s surf, and it is 
estimated that there are over 145,000 surfers in 
New Zealand [10] – today surfers can no longer be 
simply regarded as “surf bums” [1]. Surfers 
appreciate their surf breaks and environment not 
just for the waves but also for spiritual and cultural 
aspects and because of this they have a strong 
sense of ownership of surf breaks [9], and will 
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challenge coastal activities that threaten their 
breaks. 
 
In New Zealand, surf breaks have become 
increasingly recognised in New Zealand coastal 
policy which is consistent with developments 
occurring internationally [7]. For example, Policy 16 
of the New Zealand Coastal Policy Statement 2010 
(NZCPS) provides a legislative framework that 
identifies and calls for the protection of surf breaks 
of national and regional significance by "ensuring 
that activities in the coastal environment do not 
adversely affect the surf breaks” and by "avoiding 
adverse effects of other activities on access to, and 
use and enjoyment of the surf breaks” [7].  In order 
to help achieve the goals of this world’s first 
environmental policy to specifically identify surf 
breaks as protected spaces, national management 
guidelines for surfing resources were developed in 
2019 [1].  A significant component of the 
Management Guidelines for Surfing Resources was 
developed from real-life scenarios where surf 
breaks were under threat due to a variety of coastal 
developments and activities. 
 
Here we present the real-life scenarios as case 
studies, which cover a variety of different activities 
and developments at a range of different surf break 
types.  These include: 

1. marina development and changes to an 
estuary delta; 

2. marine farms and wave transmission; 
3. the impacts of nearshore disposal of dredge 

spoil on two of New Zealand’s nationally 
significant breaks; 

4. an international airport extension, and; 
5. the implications of beach rehabilitation 

having impacts of surf quality. 
 
In most cases, surf science and coastal 
oceanography were applied to determine the 
oceanographic and geomorphic characteristics of 
the coastal zone that contribute to the functionality 
of each surf break in order to avoid negative impacts 
of marine developments and activities through 
monitoring and adaptive management.  In the 
majority of cases, win-win management strategies 
were developed to ensure the protection of surf 
breaks while also allowing for the sustainable 
development and management of marine 
resources. 
 
2. War Stories – Case Studies of Threats to 

New Zealand Surf Breaks 
The locations of the 5 case studies are: 

1. Whareakeake/Aramoana (nearshore 
disposal of dredge spoil). 

2. Piha (implications of beach rehabilitation). 
3. Whangamata Bar (marina development). 
4. Lyall Bay (international airport extension). 
5. The Firth of Thames (marine farms). 

6. Lyttleton (in association with 1 above). 
which are presented in Figure 1.  These case 
studies were fundamental to the development of 
advice for composing resource consent conditions 
where coastal permits are granted as part of the 
national management guidelines for surfing 
resources, which includes some of the case studies 
presented herein [1]. 
 

Figure 2.1.  Location map of surf break management case 
studies around New Zealand. 

 
2.1 The impacts of nearshore disposal of 

dredge spoil on two of New Zealand’s 
nationally significant breaks 

The Spit at Aramoana is one of the 17 Surf Breaks 
of National Significance (New Zealand Coastal 
Policy Statement, 2010). The wave quality is largely 
determined by the way in which waves are 
preconditioned by offshore bathymetry. Primarily, 
waves are focussed on the terminal lobe of the ebb 
tidal delta at the entrance channel to Otago 
Harbour; secondarily, crests are modified on a 
historical nearshore spoil ground (Figure 2.2). The 
main threat to the surf break at Aramoana is the 
disposal of material in the nearshore spoil ground. 
 
Disposal began here in the early 1980s, at which time 
some of the best surfing conditions were reportedly 
experienced. Early in the 21st century there was a 
general concern that Aramoana was no longer 
providing the high-quality surfing waves that it had in 
the past.  It was considered by some that continual 
addition of sand not only impacted the secondary 
preconditioning processes, but that the embayment 
had become over-full with sand forming a large 
shallow platform in the nearshore (). 
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After objections to a consent for increased disposal 
quantities, a Working Party was formed comprising 
of representatives from Te Runanga Otakou, Kati 
Huirapa Runanga ki Puketeraki, Department of 
Conservation, Otago Regional Council, Surfbreak 
Protection Society, South Coast Board Riders 
Association, Aramoana Conservation Trust and 
Port Otago Limited. 
 

 
Figure 2.2.  The wave quality at Aramoana is largely 
determined by the way in which waves are preconditioned 
by the offshore bathymetry. Primarily, waves are 
focussed on the terminal lobe of the ebb tidal delta at the 
entrance channel to Otago Harbour; secondarily, crests 
are modified on a historical nearshore spoil ground. 

The working party agreed to a 3-year temporary 
permit with greatly reduced disposal at the 
nearshore site, combined with a monitoring and 
modelling investigation to determine the impacts of 
nearshore disposal at Aramoana. No dredge 
material was placed at Aramoana for the first 2 
years, during which time it was perceived by all 
parties involved that surfing conditions had improved 
(i.e., the local board-riders and SPS in the working 
party, as evidenced by the video monitoring 
provided by the Port).  Monitoring and adaptive 
management protocols were developed from the 
studies undertaken during 3-year hiatus, which 
were also applied to a second nearby Surf Break of 
National Significance that is also affected by 
nearshore disposal of dredge material, 
Whareakeake (Figure 2.1).  These measures 
include restrictions on the annual volumes that can 
be disposed at Aramoana, expansion of the 
Hayward’s disposal ground to be able to better 
manage the focussing aspect of the mound, trigger 
points for bathymetric contour locations inshore of 
Aramoana (picked up through monitoring surveys) 
for when to cease disposal if the inshore is too ‘full’ 
of sand, and maximum height restrictions on the top 
of the Hayward’s mound to prevent wave breaks 
and subsequent separation of wave crests (also up 
through bathymetry monitoring surveys and remote 
video cameras) A similar story and approach was 
also applied to Port Lyttleton’s (Figure 2.1) capital 

dredge disposal to manage impacts on local surf 
breaks [7]. 
 
2.2 Piha bar threatened by shifting sands 
Under optimum conditions Piha Bar breaks adjacent 
to Taitomo Island (also called “Camel Rock” or “The 
Beehive”) across the bay toward Lion Rock. The 
Inside Bar provides left and righthand breaking 
waves and is best surfed on an incoming tide, from 
mid-tide onwards. Further landward is The Ditch, a 
high tide “reform wave”. Conjecture indicates that 
The Ditch no longer functions as it did in the past 
because of an abundance of sand in the bay. 
 
Beach surveys indicate that the dunes all along the 
shore are growing taller and prograding seawards 
(i.e.,https://www.aucklandcouncil.govt.nz/geospatia
l/geomaps/). Anecdotal evidence indicates that 
sand has infilled the Pataki Rip channel, which is 
instrumental in the formation of the Bar. Together 
these effects may have altered the circulation 
pattern close to shore, changed the configuration of 
rip channels and sand banks. The perceived result 
is that these changes have had a detrimental effect 
on the quality of the surf break. 
 

 
Figure 2.3.  The view of Lion Rock from inside the barrel 
at Piha Bar (Image: Craig Lever). 
Opinion at Piha is divided and the extent to which 
these effects are natural or anthropogenic are 
debateable. Some opinion has it that dune 
conservation works are the culprit. Dunes have 
been shaped and planted to combat coastal 
erosion, which just a decade or so ago was 
threatening the carpark in front of the Surf 
Lifesaving Club. This has caused the dunes to 
prograde seawards and grow taller. It is perceived 
by some that while the sand is locked up in the 
dunes it is no longer available to build the sand 
banks offshore. Others believe it that the dune 
conservation has encouraged sand build up on the 
beach and in the nearshore. 
 
However, the influx of sand into the bay could also 
be part of a natural process. Dune progradation is 
occurring all along South and North Piha at decadal 
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time scales and not just in the areas where dune 
conservation efforts have taken place. There is 
anecdotal evidence that the influx of sand into the 
bay is part of pulses of sand driven north along the 
coast by the waves, as evidenced by progradation 
occurring first at Karekare Beach and then at Piha. 
 
This case study highlights how long-term change 
can impact on surf breaks, and without substantial 
monitoring and scientific investigations (i.e., coastal 
processes) uncertainty remains to the cause(s).  A 
remote camera system has been installed since 
2017, while historical satellite image analysis (e.g. 
Landsat 5-8 day return passes) could shed some 
light on the possibility of large-scale natural 
processes delivering large volumes of sediment 
from the Manukau Heads. 
 
2.3 The Whangamata Bar saga 
Whangamata Bar lies at the entrance to 
Whangamata Harbour, produces a high quality long 
peeling wave and is also one of 17 Nationally 
Significant Surf Breaks [2]. There is ongoing debate 
as to whether the quality of the surf break has been 
compromised by anthropogenic activities, in 
particular the maintenance dredging programme for 
the entrance channel to the marina inside the 
harbour.  
 
Construction of the marina began in September 
2008 and was completed by October 2009. Access 
to the marina along the channel required dredging 
of approximately 32,000 m3 of material. Periodic 
maintenance dredging is employed to ensure the 
channel retains a depth of ~1.5 m below Lowest 
Astronomical Tide. Initial dredging was at 2,000 to 
3,000m3 per annum, but has risen and in 2010 was 
consented at 10,000 m3.  
 

 
Figure 2.4.  Whangamata Bar (Image: J. Milek) 

While there are morphological differences in the 
Bar’s overall shape pre- and post-marina 
development [3], it is debatable as to whether these 
differences are natural or in any way connected to 
the marina development. 
 
In 2012 the Surfbreak Protection Society (SPS) 
presented a report to the Hauraki Gulf Forum (SPS, 

2012) which triggered a review of the maintenance 
dredging consents. The review, considered both 
inconclusive and incomplete by SPS, initiated an 
on-going photographic study from 2013, which SPS 
believe shows a direct link between dredging 
activity and morphological change in configurations 
of the flood and ebb tidal shoals and channels at the 
tidal inlet throat which directly affect surf quality. 
 
Further concerns raised relate to water quality at the 
surf break resulting from spills and leakage of waste 
from aeration ponds and spray fields into the 
Whangamata Estuary; storm water discharge near 
the surf break; and sediment runoff from clear felling 
of forestry in the Whangamata Estuary catchment. 
In November 2017 SPS made a further request to 
Waikato Regional Council for review of consents for 
maintenance dredging. 
 
This case study highlights the need for monitoring 
of surf breaks.  A remote camera system has been 
installed since 2017, however, a critical component 
of the monitoring can never be obtained; i.e., 
information on how Whangamata Bar broke prior to 
works in 2008-09. 
 
2.4 Wellington Airport extension 
Lyall Bay is the Wellington regions most popular 
beach for surfing. There are several peaks along the 
beach to choose from, with the premier break being 
a left-hander called “The Corner” (also known as 
“The Wall”) which is a modified beach break, 
whereby there is localised preconditioning of the 
wave caused by the interaction of incident wave 
crests with the Airport runway sea wall (Figure 2.5). 
In 2015, plans were announced to extend the airport 
runway in to bay by 350 m.  
 

 
Figure 2.5.  The Corner at Lyall Bay. 

 
Initial impact studies of the effects of the extension 
of the runway breakwater on the surf break [8] 
indicated that there will be a reduction in wave 
‘peakiness’ of waves in the bay and therefore a 
reduction in the number of peeling waves that are 
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conducive to good surfing.  Model simulations 
showed that the western and middle bay are the 
most affected by the proposed airport extension (a 
reduction in the frequency of surf rides is expected 
to be between 18-27% and 14-29%, respectively) 
[8]. The reduction in surf rides at “The Corner” is 
estimated to be lower by 4-8%. In addition, the 
break called “Airport Rights” will be completely lost 
due to being covered by the airport extension [8]. 
 
Anecdotal evidence suggests that the wave quality 
in the “The Corner” has, over the past years, already 
been negatively affected by several factors 
including: 1) a reduction in the reflectivity of the wall 
when sheet piling was covered in tipped rock to form 
a revetment, 2) a widening of the toe of the rock 
revetment and 3) the carpark extension. The 
reduction in wave peakiness also means that there 
are likely to be significant changes in wave-driven 
currents, mostly inshore of the spur off the airport 
reclamation and in the vicinity of “The Corner”. 
These currents will alter the seabed morphology, 
and consequently surfing waves as they propagate 
shoreward; whether the impact will be negative or 
positive is currently unknown and not yet been 
investigated adequately. 
 
It has been proposed that a multi-purpose reef be 
constructed in the middle of the bay to create more 
peeling waves and mitigate the loss of surfing 
amenity that the airport extension will cause.  
Remote video monitoring has been underway at 
Lyall Bay since 2017 to obtain a relevant ‘before’ 
dataset, should the airport extension go ahead (i.e., 
the kind of monitoring that was not available for the 
Whangamata Bar prior to marina construction and 
the consequent on-going debate about changes to 
surfing wave quality. 
 
2.5 Marine farming impacts on wave 

transmission 
The Firth of Thames has a series of surf breaks that 
work during both short period wind- generated swell 
and longer period tropical cyclone swells. These 
breaks are unique in that they work when very few 
other breaks are surfable and are close to the 
growing Auckland population (Figure 2.1). Due to 
the steep gravel nature of the seabed at most of 
these surf breaks, the short-period waves can break 
with high intensity.  
 
Large aquaculture farms (Figure 2.6) within the 
swell corridors [3] of these breaks have the potential 
to negatively impact on these breaks by reducing 
wave heights. There is little understanding of wave 
transmission and attenuation through mussel farms. 
Given the uncertainty of the impacts on these surf 
breaks, appropriately design monitoring of wave 
attenuation and adaptive management strategies 
need to be applied. 
 

 
Figure 2.6.  Large marine farms in the Marlborough 
Sounds (Image: Marlborough District Council). 

For instance, appropriate conditions of consent will 
need to consider wave measurements offshore and 
inshore of the proposed 460 ha mussel farm, before 
and after it is put in place in order to determine 
impacts on wave heights.  Impacts could be 
managed through adaptive management such as 
managing stocking densities on the mussel 
droplines, which influences the level of wave 
attenuation. 
 
3. Summary  
The case studies presented above cover a range of 
potential negative impacts that marine 
developments and activities can have on surf 
breaks, as well as due to natural coastal processes.  
While not exhaustive, these case studies 
demonstrate that impacts can be caused by 
changes to the seabed offshore of the surf breaks 
within their swell corridors (Aramoana, 
Whareakeake and Lyttleton), changes to wave 
transmission within their swell windows (Firth of 
Thames), reduction of wave energy within their 
swell corridors (Lyall Bay), changes to the tidal 
prism and sediment transport pathways within an 
estuary influencing the ebb tidal delta 
(Whangamata), and changes to alongshore 
sediment supply, which can be both natural (Piha) 
and anthropogenic. 
 
These case studies are related to the development 
of the Management Guidelines for Surfing 
Resources and demonstrate how the application of 
surf science, understanding of the local coastal 
morphodynamics and stakeholder consultation 
have addressed a range of complex issues and 
resulted in positive outcomes.  Being cognizant of 
potential impacts and monitoring base-line 
parameters at surf breaks is critical to the 
development of effective conditions to adaptively 
manage permits for coastal developments and 
activities. 
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Abstract 
Submarine landslides are a mass movement of the seafloor that represent a potential tsunami source for 
adjacent coastlines. While the primary source of tsunami globally is co-seismic, approximately 7% of tsunami 
events are estimated to be submarine landslide induced. Submarine landslide-generated tsunami generally 
pose a more localised threat than co-seismic tsunami and have historically been associated with observations 
of large wave amplitudes and short arrival times at adjacent coastlines. This paper numerically models the 
failure of a historic submarine landslide that has been identified using shallow seismic reflection data from the 
northwest coast of New Zealand, offshore of Auckland. This historic submarine landslide is the largest 
identified offshore of New Zealand and is located along a margin which has experienced intense and repeated 
mass movement events. Preliminary numerical modelling was conducted for three different scenarios for the 
submarine landslide site identified. These scenarios were established based on the morphology of the 
submarine landslide site and include: (1) a smallest (best case) scenario, (2) a moderate scenario, and (3) a 
largest (worst case) scenario. The results of this preliminary modelling show that an extreme tsunami hazard 
would be posed by such an event if it were to occur in future, with maximum wave amplitudes at the coastline 
exceeding 70 m and water velocities exceeding 50 m/s. Arrival times for the west coast of New Zealand were 
shown to be as early as 18 mins but varied depending on distance from the tsunami source location, with 
several low-lying regions along the west coast of New Zealand shown to be particularly vulnerable. 
Additionally, the results presented here indicate that a submarine landslide event of this size would pose a 
tsunami threat to the east Australian coastline, with a 0.8 m amplitude wave arriving 1 km offshore of Sydney 
~3 hr after submarine landslide failure and tsunami generation. While large tsunamigenic submarine landslides 
are a rare occurrence, initiated on relatively long geological timescales, the results presented here highlight a 
requirement for further high-resolution modelling and more extensive data coverage of the northwest New 
Zealand margin to assess how ubiquitous such submarine landslides events were in the past and the 
probability of such events in the future.   
   
Keywords: submarine landslide, mass movement, tsunami, coastal hazard 
 
1. Introduction 
Submarine landslides (SMLS) are a type of mass 
movement that occur ubiquitously on subaqueous 
slopes and can involve sediment volumes ranging 
from <0.1 km3 to >2400 km3. As such, SMLSs are 
considered to be the primary sediment transport 
mechanism operating on continental margins [17]. 
The impacts of a SMLS event include changes to 
local seafloor topography, damage to marine 
infrastructure, and tsunami generation [6, 28, 29]. 
While the primary source of tsunami globally is co-
seismic, approximately 7% of tsunami events are 
estimated to be SMLS induced [9]. SMLS-
generated tsunami have historically been 
associated with observations of large wave 
amplitudes and short arrival times at adjacent 
coastlines, posing a more localised but potentially 
more catastrophic hazard to adjacent coastlines 
than co-seismic tsunami. The Papua New Guinea 
tsunami of 1998, in which a >15 m wave in Sissano 
Lagoon killed over 2000 people, is a devastating 
example of the hazard posed by SMLS-generated 
tsunami [28]. The Papua New Guinea tsunami, like 
many other SMLS-generated tsunami, was primarily 
triggered by a seismic source which destabilised 
seafloor sediments and led to SMLS failure. New 

Zealand is a tectonically active region that lies on 
the interface between the Pacific plate and the Indo-
Australian plate and, as such, has the potential for 
seismically triggered SMLSs to occur in the region. 
Understanding the SMLS-generated tsunami 
hazard for the coastline of New Zealand is, 
therefore, of particular importance for evacuation 
planning and hazard mitigation.  
 
Numerical modelling is used to understand the 
hazard posed by SMLS-generated tsunami by 
replicating the SMLS failure event, the resulting 
disturbance of the overlying water column, and the 
propagation and inundation of the tsunami wave. 
Best practice modelling of SMLS-generated 
tsunami incorporates frequency dispersion as 
tsunami generated by SMLS events have been 
shown to have much stronger dispersive effects 
than their seismically generated counterparts [7, 8].  
 
This paper presents the preliminary results of three 
numerically modelled SMLS-generated tsunami 
scenarios for a SMLS identified in the Deepwater 
Taranaki Basin, ~100 km off the northwest coast of 
New Zealand. The results of this modelling provide 
a first pass assessment of the tsunami hazard 
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posed by a SMLS of this size and location for the 
New Zealand coastline and potentially for the east 
Australian coastline if one were to occur again in 
future.  
 
1.1 Study Region  
The SMLS site investigated in this paper was 
identified in the Deepwater Taranaki Basin, which is 
the northwest extension of the Taranaki Basin, 
extending to the northwest beneath the present-day 
New Caledonia Trough [4]. Due to the high 
Neogene sediment supply and deposition, the 
modern-day continental shelf and continental slope 
of Deepwater Taranaki Basin is a major sediment 
storage area. The shelf edge occurs in ~200 m 
water depth and is heavily incised by submarine 
canyons which continue down the continental slope 
to the basin floor (>1500 m) [15, 30]. The continental 
slope and basin floor are blanketed primarily by 
terrigenous mud which is mostly sourced from the 
rivers along the west coast of South Island and to a 
lesser extent from the North Island [2, 3]. The 
continental slope muds are mixed with calcareous 
macro/microfossils and carbonate-bearing 
sediments [2].  
 
The 3700 km3 Pleistocene-age SMLS investigated 
in this paper (first described by [18]) was identified 
and mapped in detail using an extensive open-
source, industry‐acquired 2D and 3D seismic 
reflection and exploration well dataset derived from 
data held by New Zealand Petroleum & Minerals 
(NZP&M; https://data. nzpam.govt.nz) [4] (Figure 1). 
The SMLS studied here, along with other SMLS in 
the broader Deepwater Taranaki offshore area have 
been previously described by [26, 30] and studied 
by [18, 19, 20, 22, 27].  
 

 
Figure 1: A) Bathymetric location map (contours every 
100 m) of the studied historical SMLS and subsurface 
data used. 3D seismic data are indicated by black 
polygons and 2D seismic data by black lines. Exploration 
wells used for velocity analysis shown by black dots. B) 
Example 2D seismic reflection profile showing studied 
SMLS. Location of profile indicated by the red line on the 
map in panel A. 

  
2. Data and methods  
2.1 Numerical modelling 
Numerical modelling of three different SMLS failure 
scenarios was conducted based on reasonable 
failure scenarios identified from the Deepwater 
Taranaki Basin SMLS. The failure of these SMLS 
scenarios and the resulting tsunami generation 
within the overlying water column was modelled 
using the Basilisk model. Basilisk is a freely 
available numerical model that builds upon the 
Gerris flow solver [24] and has been validated and 
applied to tsunami modelling [12, 16, 21, 25]. This 
model utilizes a fully coupled two-layer scheme, 
with the submarine landslide modelled as a dense 
Newtonian fluid that fails under gravity, whose 
motion is coupled with that of the water in the upper 
layer. 
 
Basilisk allows for the utilisation of an adaptive 
Serre-Green-Naghdi (SGN) solver by augmenting 
the existing Saint-Venant (SV) solver [23, 25]. The 
combination of SGN and SV terms provides an 
efficient solution for numerically modelling wave 
dispersion, wave breaking, and wet-dry interaction 
in coastal environments from a SMLS source [1, 
13]. Incorporating dispersive terms into numerical 
modelling of SMLS-generated tsunami is important 
as SMLS-generated tsunami often have a much 
shorter wavelength than those of earthquake-
generated tsunami and have been shown to have 
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much stronger dispersive effects [7, 8]. Despite the 
importance of applying dispersive terms, they are 
not always incorporated due to their high 
computational cost. Basilisk solves this 
computational issue by allowing for a high-
performance generalisation of the SGN solver with 
a computationally efficient adaptive quadtree grid 
[25]. For further information on the model conditions 
and a detailed description of the governing 
equations see [23, 24, 25].  
 
2.2 Model set-up  
Bathymetric data utilised in numerical modelling 
was sourced from the General Bathymetric Chart of 
the Oceans (GEBCO) at a resolution of 400 m. The 
GEBCO bathymetry was constrained to a model 
domain area of 6.25 million km2, primarily 
encompassing New Zealand, the Tasman Sea, and 
part of the east Australian coastline (Figure 2).  

 
Figure 2: The model domain for the three SMLS scenarios 
investigated in this paper. The location and size of the 
three SMLS scenarios off the northwest New Zealand 
coastline are shown in blue (small scenario), green 
(moderate scenario), and orange (large scenario). See 
Figure 3 for further detail on the three SMLS scenarios.  

Following detailed seismic interpretation of the top 
and base of the SMLS, surfaces were gridded and 
depth converted using a velocity function derived 
from nearby offset wells. Three different volumetric 
scenarios (small, moderate, and large) were defined 
based on the area and thickness of the SMLS. The 
smallest scenario was defined by identifying the 
thickest (>200 m) proximal area of the SMLS to 
represent the minimum volume that is likely to have 
failed. The largest scenario was defined based on 
the entirety of the mapped SMLS (i.e., the maximum 
volume that could have failed), and the moderate 
scenario was defined by considering all of the 
volume encapsulated by the 100 m thickness 
contour, which approximates to the mean thickness 
of the SMLS (Figure 3). All three SMLS scenarios 
had a maximum thickness of 550 m but average 
thickness of 234 m, 162 m, and 113 m for the 

smallest, moderate, and largest scenarios 
respectively. The smallest scenario had a volume of 
1220 km3, the moderate scenario had a volume of 
3095 km3, and the largest scenario had a volume of 
3776 km3. SMLS volume is generally considered to 
be the most important characteristic when 
determining tsunamigenic potential of a SMLS. If 
SMLS volume is negligible then there is generally 
no tsunami generation, while larger volume SMLSs 
generally produce larger waves [11]. The 
tsunamigenic potential of a SMLS is often shown to 
vary directly with SMLS size [14].  
 
Friction was applied to each SMLS scenario in the 
form of a quadratic friction coefficient. Friction 
coefficients of 0.1 and 0.001 were applied to the 
SMLS-substrate interface and the overlying water-
substrate interface, respectively. These values are 
consistent with quadratic friction coefficients applied 
in previous tsunami modelling [1, 25]. Each model 
scenario ran for 4 hr real world time at a resolution 
of 305 m. Model resolution was constrained by both 
the input bathymetry resolution and the 
computational time available for each model to run.  
 

 
Figure 3: A) Location of the three SMLS scenarios in 
relation to the New Zealand coastline indicated by the 
purple box, B) thickness of the smallest scenario, C) 
thickness of the moderate scenario and relative to the 
smallest scenario, and D) thickness of the largest 
scenario relative to both the smallest and moderate 
scenarios.  

3. Results 
Preliminary modelling of three different SMLS 
scenarios was conducted for the area shown in 
Figure 2 to investigate the tsunamigenic potential of 
these SMLS scenarios and the extent to which they 
pose a hazard to the New Zealand and the east 
Australian coastline. 
 
The maximum wave amplitudes across the full 
model domain for each SMLS scenario was 
modelled to be directly above the SMLS failure 
location, ranging from 230 m for the smallest 
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scenario to 250 m for the largest scenario (Figure 
4). At the adjacent coastline, between Kaipara 
Harbour and the Taranaki Peninsula, maximum 
wave amplitudes similarly ranged from 52 m to 76 
m (Figure 4). After 4 hr, wave amplitudes up to 1 m 
were modelled as far south as Stewart Island for all 
three model scenarios. The highest maximum wave 
amplitudes at the coastline for all three model 
scenarios was observed north of the Kaipara 
Harbour entrance (the location of which is shown in 
Figure 6B).  
 
The east Australian coastline was also impacted by 
all three SMLS model scenarios, with maximum 
wave amplitudes ranging from 1.8 m for the smallest 
scenario to 4.5 m for the largest scenario after 4 hr. 
The highest wave amplitudes along the east 
Australian coastline were modelled south of 
Sydney.  
 

 
Figure 4: Maximum wave amplitude (m) modelled for the 
A) largest SMLS scenario, B) the moderate SMLM 
scenario, and C) the smallest SMLS scenario at a 305 m 
resolution over 4 hr run time. 

Similar to maximum wave amplitude, the maximum 
water velocity for each SMLS scenario was 
modelled to occur directly above the SMLS failure 
location and ranged from 71 m/s for the smallest 
scenario to 80 m/s for the largest scenario. 
Maximum water velocities as high as 51 m/s were 
modelled along the adjacent NZ coastline for the 
largest scenario. Maximum water velocities were 
modelled to be lower at the east Australian 
coastline, with a maximum water velocity of 0.1 m/s 
modelled after 4 hr.  
 

 
Figure 5: Maximum water velocity (m/s) modelled for the 
A) the largest SMLS scenario, B) the moderate SMLS 
scenario, and C) the smallest SMLS scenario at a 305 m 
resolution for 4 hr run time.  

Low-lying coastal regions were modelled to be the 
most vulnerable to impacts of these SMLS-
generated tsunami events (Figure 6). Areas 
surrounding the Kaipara Harbour (Figure 6B) and 
regions of the northern most part of New Zealand 
(Figure 6C) experience extensive inundation, 
including inundation across the width of the land 
mass. In addition, high wave amplitudes (Figure 6D) 
and water velocities (Figure 5) were modelled in the 
Cook Strait. These inundation results are a first 
pass assessment and are intended to provide a 
general guide for identifying potentially vulnerable 
regions and for helping to direct future modelling 
focus.  
 

 
Figure 6: Maximum wave amplitude (m) for the largest 
SMLS scenario at three New Zealand locations shown to 
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be particularly vulnerable including B) the Kaipara 
Harbour and tributaries, C) the northern most part of New 
Zealand, and D) the Taranaki Peninsula and the Cook 
Strait.  

Arrival times at the New Zealand coastline were 
dependent on distance from the SMLS failure 
location but were as soon as 18 min after SMLS 
failure at the directly adjacent coastline on the 
Taranaki Peninsula. The tsunami generated in all 
three SMLS scenarios propagated across the 
Tasman Sea, arriving 1 km offshore of Sydney 
~3.2 hr after tsunami generation for the smallest 
scenario and ~3 hr after SMLS failure for the largest 
scenario. The maximum wave amplitude modelled 
offshore of Sydney for all three scenarios was ~0.8 
m.  
 
4. Discussion 
The preliminary modelling results presented in this 
paper show the extreme hazard potential a SMLS-
generated tsunami can pose for the north-western 
New Zealand coastline. These results are a first 
pass assessment of the tsunami hazard from the 
large SMLS identified off the northwest New 
Zealand coastline.  Although this preliminary 
modelling is at a coarse resolution and so is not 
appropriate for site specific analysis of tsunami 
hazard and cannot used for detailed coastal risk 
analysis, it does provide results useful to inform 
further high-resolution modelling research.  
 
Wave amplitudes modelled along the impacted New 
Zealand coastline range from 0 m to 52 m for the 
smallest scenario and 0 m to 76 m for the largest 
scenario. This highlights the spatial variability of 
coastal impact from a SMLS-generated tsunami. 
This variability is due to the interaction of complex 
factors such as wave attenuation, local bathymetry, 
and variations in coastal topography. The 
importance of these factors in influencing the 
approaching SMLS-generated tsunami would be 
better understood through higher resolution site 
specific modelling. In addition, the tsunami 
generation and propagation from these three SMLS 
events would be better captured through higher 
resolution modelling as a grid resolution of at least 
50 m is generally considered most suitable for 
proper refinement of the shorter wavelength of a 
SMLS-generated tsunami [32].  
 
Low-lying coastal regions, like estuarine foreshores, 
were shown to be particularly vulnerable to tsunami 
hazard. This is consistent with other work that has 
shown these regions to be the most exposed to the 
coastal hazard presented by a SMLS-generated 
tsunami [16]. High-resolution modelling would more 
accurately identify the risk to these coastal regions, 
further demonstrating the importance of high-
resolution numerical modelling and the need for 
high-resolution bathymetry and topography. This 
was, however, beyond the scope of this paper. 
 

The tsunami hazard modelled within and 
surrounding the Cook Strait is of importance as the 
city of Wellington, the capital of New Zealand, is 
located along this vulnerable coastline and is home 
to 10.5% of the population and over 180,000 homes 
[5]. The maximum water velocities recorded at the 
coastline in this region as well as along the open 
coastline of New Zealand for all model scenarios 
are an order of magnitude greater than those which 
have been demonstrated to cause significant 
damage to maritime and coastal infrastructure [31]. 
 
In addition to hazard to the New Zealand coastline, 
the results of this paper show for the first time that a 
SMLS generated tsunami of this size can also 
impact the east Australian coastline. Tsunami 
waves arrived at the east Australian coastline ~3 hr 
after failure, attenuating from 250 m to 4.5 m for the 
largest scenario modelled. Other similarly sized 
SMLSs have shown comparably widespread 
impacts, with the tsunami generated by the 
Storegga slide, located off the Norwegian coastline, 
modelled to have impacted the surrounding 
coastlines of Norway, Scotland and England, 
Denmark, and possibly Greenland [10]. 
 
There are a number of limitations associated with 
this modelling. These primarily include limitations 
surrounding the resolution of the model grid, which 
may be improved upon in future research through 
the availability of higher resolution data and 
increased computational power. This limitation 
indicates that inundation results presented here are 
not appropriate for site specific analysis but rather 
provide an indication of potentially vulnerable 
regions. Limitations also exist within the SGN model 
equations applied as they have been shown to 
generally overestimate tsunami wave heights, 
providing a conservative estimate of hazard. This 
limitation needs to be considered when assessing 
the extreme wave amplitudes and water velocities 
modelled here. Despite these factors, the 
preliminary modelling results presented here are 
useful as a first pass assessment to inform future 
research focus for better understanding SMLS-
generated tsunami hazard for the New Zealand 
coastline and, for extreme SMLS volumes such as 
those modelled here, the east Australian coastline 
as well.  
 
5. Conclusions  
The preliminary modelling conducted in this paper 
shows that the potential tsunami hazard posed by a 
SMLS event such as the one identified in the 
Deepwater Taranaki Basin is extreme for the New 
Zealand coastline. Maximum wave amplitudes and 
maximum water velocities were as high as 76 m and 
51 m/s, respectively, at the adjacent coastline. 
Arrival times for the New Zealand coastline at the 
Taranaki Peninsula were as low as 18 mins for the 
largest scenario modelled. In addition to posing a 
hazard to the New Zealand coastline, the tsunami 
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generated by the three SMLS scenarios modelled 
were shown to propagate across the Tasman Sea, 
arriving offshore of Sydney less than 4 hr after 
SMLS failure occurred.  
 
Despite the low resolution of the modelled 
scenarios, the results of this paper provide a first 
pass assessment of the tsunami hazard from an 
identified SMLS source off the northwest New 
Zealand coastline. These results can be used to 
inform future numerical modelling research for 
vulnerable coastal regions and to inform the location 
of future high resolution bathymetric and 
topographic data collected for New Zealand to 
ensure future modelling efforts concentrate on high 
priority regions.   
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Abstract 
Recent years have seen a drastic increase in the construction of surfing wave pools worldwide. The surf pool 
design presented in this paper differs from other known commercial alternatives by using a concentric wave 
generation mechanism located in the middle of an artificial lake. This design allows for up to eight different surf 
breaks to be operated at the same time creating approximately 2000 waves per hour and providing an 
unsurpassed ability to cater for a large range of preferences for surf break type and difficulty level.  The 
business potential of a new wave pool relies on its ability to meet the demands from its potential customers, 
which may differ from project to project.   
 
In this paper we will present a state-of-the-art CFD methodology for how to quantitatively optimize a pool 
geometry to meet a range of surf break key performance indicators such as wave shape, barrel time, minimum 
required surf speed and length of ride. We will present the overall technical steps in the optimization process, 
demonstrate validation against data collected from the operational full-scale model in Yeppoon and discuss 
relationships between key geometrical design inputs and sensitivity to surfing key performance indicators. 
 
Keywords: Surf Science, Wave Pool, CFD, Surfing Amenity, OptiSurf 
 
1. Introduction 
Over the last decade, detailed numerical methods 
have been used increasingly to support the 
successful design of marine structures intended for 
surfing purposes. To the authors understanding, 
detailed 3D CFD modelling of artificial surfing reefs 
was first published in 2009 in [4] and later extended 
to include quantitative assessment of the surfer 
performance to analyse the impact of extensive 
sand nourishments on Kirra Point as published in 
[5]. In 2017 the methodology was used to optimize 
the design of the performance of the first prototype 
version of Occy’s Peak in the Surflakes Wave Pool 
in Yeppoon [7]. The surf pool full scale prototype 
was constructed the year after. In 2015 DHI 
designed a rock surfing reef for Palm Beach, Gold 
Coast supported by this methodology. In 2019 the 
artificial surfing reef was constructed [8], and surf 
performance has since been observed to be in close 
agreement with design calculations. An anecdotal 
comparison of this is presented in Figure 1. 
Anecdotal photo evidence and eyewitness reports 
suggests that it is the best performing artificial reef 
for surfing purpose ever built. Details on the Palm 
Beach reef design method was published in [6]. The 
Surflakes wave pool is to the authors understanding 
the first Australian based surf pool concept to create 
full scale waves. The wave pool concept 
differentiates from other alternatives by using a 
concentric wave generation mechanism located in 
the middle of an artificial lake.  This design allows 
for up to 8 different surf breaks to be operated at the 
same time creating approximately 2000 waves per 
hour and providing an unsurpassed ability to cater 
for a large range of preferences for surf break type 

and difficulty level. It is also the only concept that 
generates sets of freely propagating gravity waves 
as opposed to being forced waves generated by a 
foil or similar.  
 

 

 

Figure 1 (Top) Palm Beach artificial reef one year after 
construction, credit Andrew Shields, (bottom) DHI Opti 
surf design works of the Palm Beach Reef (2015-2017)   

This paper will present an overview of our numerical 
assessment framework called the OptiSurf method 
that was used to support the practical design 
process of the next generation of high-performance 
surf breaks for the next batch of SurfLakes wave 
pools.  
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2. A Scientific Approach to Surf Quality 

Assessment  
The scientific framework behind the quantitative 
numerical approach to surf quality presented in this 
paper contains the three following parts and will in 
the following be referred to as the OptiSurf method: 
 
a) A geometric model to systematically control and 

adjust all design vertices of the target reef 
bathymetry. 

b) A robust Volume of Fluid (VOF) CFD sandbox 
capable of handling an arbitrary bathymetry, the 
oscillatory plunger motion, multiple porosity 
layers to represent complex bed substrates and 
ability to include flexible areas of high mesh 
resolution in target areas. 

c) A Lagrangian type surf emulator, capable of 
analysing all surfable sections of the break 
wave and stich them together into surfable 
rides, analyse surfing quality performance 
metrics and take into account surfer ability. 

 
For design support of the SurfLakes bathymetry, our 
geometric model consists of an interconnected 
wireframe of arcs and nodes that controls all major 
aspects of each surf break design and connects to 
the geometry of the overall wave basin. By moving 
vertices in xyz direction or changing the vertical or 
horizontal angle of arcs it is possible to create 
almost any reef bathymetry possible in a systematic 
fashion, which lends itself well to creation of new 
surf breaks and detailed subsequent optimization.   
Our choice of CFD sandbox was OpenFOAM®. To 
model the fluid-structure interactions, the plunger 
style wave generator was moved based on the 
prescribed motion derived from actual full-scale 
plunger motions measured in the Yeppoon 
prototype facility. The dynamic mesh deformation in 
the vicinity of the plunger was handled using a 
‘displacementLaplacian’ solver with inverse 
distance diffusivity around the plunger. The water-
air interface was captured using VOF through the 
‘interFoam’ solver.  Our sensitivity study using 
various turbulence closure schemes found very little 
impact to modelled surface elevation comparing 
results It was chosen to use a SST-kω scheme [3]. 
predominantly due to increases the computational 
efficiency due to reduction of the the maximum 
velocity in the system by dissipating some amount 
of the kinetic energy after wave breaking, which 
effects the minimum time step.  
To adopt a flexible method for refining the mesh in 
the surf zones, we apply cyclic arbitrary mesh 
interface (CyclicAMI) covering the wave breaking 
zone. This technique enabled us to refine surf zone 
and merge it with the rest of the mesh without need 
to re-mesh the whole model. In addition, it enables 
us to use different mesh resolutions on each side of 
this internal boundary without affecting the accuracy 
and stability of the model. Using this approach we 
were able to model the entire pool in overnight 

simulations applying a far field grid cell side length 
of 0.5 m and as fine as 6 cm inside the surf zone.  
 
Our numerical Surf Emulator OptiSurf by DHI was 
first applied for practice application in 2010 as 
presented in [5] and since then gone through 
several iterations of refinement. OptiSurf operates 
in two stages.  The first stage scans each time step 
of the entire 3D wave field for clusters of surfable 
segments of the wave crest as output by the Digital 
Sandbox. Surfable segments are identified as 
concave parts of the wave crest that a) are has 
sufficiently vertical steepness to maintain planning 
speed on a surf craft and b) is of sufficient size to 
practically fit a surf craft. In surfing terminology, the 
surfable segment of a wave is typically refereed to 
as The Pocket [9] though this term effectively refers 
to the optimum part of the surfable segment as 
opposed to the entire segment that is surfable.  In 
this paper we will adopt the term Surf Pocket as 
description for the minimum area of the wave that is 
surfable. In Optisurf surf pocket analysis is grouped 
into two categories.  Surf Pockets that are 
sufficiently steep to commence a surf ride (take-off) 
and Surf Pockets that are steep enough to maintain 
planning without notable initial momentum. Using 
this approach, it is possible to give a more realistic 
full analysis of the difficulty level and quality 
potential of the surf ride. Discrete treatment of the 
take-off allows accurate assessment of which part 
of the wave the surfer will be situated during this 
time and also how long a time window he has to 
stand on his feet before the wave section becomes 
un-surfable due to late stages of wave breaking. In 
our view Optisurf addresses an important an often-
overlooked aspect of surf quality assessment that 
has historically was first based only on wave peeling 
angle, breaking wave height and wave breaking 
intensity [1], but only indirectly addresses the 
difficulty rating of completing the take-off.  
  
In OptiSurf, Surf Pockets includes surfable segment 
on unbroken wave crest and also surfable segments 
on the wave crest while wave breaking has started 
to occur including any surfable segment inside the 
fully enclosed air filled chamber that is transiently 
formed between the overturing wave plunger and 
the wave crest, commonly called The Barrel in surf 
terminology.  
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Figure 2 blue contours show a wireframe time step of 
the 3D surface elevation. Green points marks surf zones 
while purpose points mark valid take off points.  

 
For each time step, Surf Pockets are recorded as 
point clouds with a 10x10 cm resolution. The 
second stage uses an advanced vectorized 
Lagrangian method for stitching together Surf 
Pocket points together in a forward time-stepping 
fashion.  For each time step, all take-off points in the 
surf pocket represents the beginning of a new surf 
ride that in the subsequent time step are each 
stitched together with all valid Surf Pockets in the 
subsequent time step that satisfy the pre-set upper 
thresholds for maximum forward velocity, 
acceleration, angular velocity and angular 
acceleration. This method allows each surf ride to 
progress in three degrees of freedom each time 
step.  If the wave permits, the surfer will slow down, 
change vertical position on the wave or track 
backwards with the intent of completing as long a 
ride as possible. In the most simplistic fashion, the 
surfer skill can be quantified by a) the maximum 
speed he can traverse a wave and b) how small a 
time window he needs to complete his take off. At 
the time of writing, maximum surfing speeds have 
been tested from 20 km to 30 km per hour based on 
recent unpublished recordings by two types of GPS 
sensors both in the ocean and in three different full 
scale wave pools. We consider this dataset a good 
foundation for describing the capabilities of 
intermediate to advanced surfers but encourage 
more research to be published on the subject.  The 
relationship between time require to complete take 
off and surf skill is still subject to further systematic 
research.  For the time being a value of 200 to 400 
milliseconds have been considered a reasonable 
range based on anecdotal experience.   
To limit computation memory use, each time step 
will only carry across the longest wave ride from 
each new pocket point connection.  The bulk 
amount of virtual surf combination often exceeds 
104 to 105 for a wave group. Optisurf results are post 
processed to provide the following surf quality key 
performance characteristics for each surf ride 
important for surf pool design: 
 

• Maximum length and trajectory of ride 

• Maximum barrel time 

• Time series surfer speed 

• Time series of barrel height  

• Time series of wave face height  
 

In combination with extract from wave surface 
elevation time series, the output from OptiSurf forms 
the robust basis for quantifying optimization efforts 
carried out in the geometric model and produce a 
surf break product catalogue of finalised wave 
breaks fitting a wide range of target groups.  
 
3. Supporting Yeppoon Pool construction 
In 2017 the OptiSurf method was used to support 
the design of the first full scale prototype of the 
SurfLakes wave pool. More specifically, the method 
was used to optimize the most prominent of its surf 
breaks at full stroke called Occys Peak, named after 
World Champion surfer Mark Occhilupo, who also 
participated in the design process of what was to 
become his signature wave.  The design process 
confirmed that it was possible to optimize the 
plunger shape and bottom bathymetry to generate 
an overhead barrelling wave with a ride length of 
more than 50 meters and a barrel time of at least 4 
seconds.  In 2019 the full scale Surflakes prototype 
in Yeppoon was ready to produce full scale waves, 
which allowed for direct validation against the 
OptiSurf Method applied support the design 2 years 
prior. Direct comparison of 3D output of the Optisurf 
method against camcorder footage from the 
Yeppoon pool presented in Figure 3 and Figure 4 
demonstrated excellent agreement in wave 
breaking shape and position of the surfer.   
 

 

Figure 3 Optisurf CFD Method showing predicted surfer 
position 2 seconds after take-off (2017) 

 

Figure 4 Video frame grab from 2020 showing the surfer 
position (Mark Occhilupo) approximately 2-3 seconds 
after take-off  
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The accuracy of the plunger driven wave generation 
aspects of the numerical model were verified by 
comparing to numerical water depth time series 
against those collected from pressure transducers 
collected in the Yeppoon pool at various positions in 
August 2020. The comparison in Figure 5 shows 
good agreement for a data point 20 meters in front 
of the wave maker just outside the take-off zone for 
Occys Peak. 
 

 

Figure 5  comparison of field measured and forecasted 
(CFD) surface elevation time series at a 20 m distance 
from the wave generator at Occys Peak. Plunger stroke 
motion is plotted in green against the righthand axis.  

Comparing actual observations in the full-scale 
wave pool against the OptiSurf method, it was found 
that maximum ride lengths and barrel time were  
longer in reality than predicted. Actual barrel time 
was approximately 1.5 seconds longer and wave 
rides approximately 20 m longer.  We attribute this 
predominantly to the inherent minimum grid size 
limitation of the original OptiSurf configuration in 
which a) the virtual surfer was not able to tilt is body 
silhouette to better fit his body inside the barrel as it 
got smaller and b) due to lack of computer power in 
2017, the high-resolution grid was not extended to 
cover the most inshore section of the wave where 
wave height has dropped significantly.  
 

 

Figure 6 Camera angle showing OptiSurf surfer position 
inside the barrel. The code automatically checks barrel 

size threshold limits and adjust surfer stance accordingly 

 

 

Figure 7 Image of full scale validation trials in Yeppoon 
Surflakes 2020. Occys Peak is feature to the left.  

 
4. Example of Iterative Design Application 
This section contains a sequential example showing 
two design iterations for a new potential SurfLakes 
surf break codenamed “The Needle” due to the 
slender protrusion of the initial wave focus platform 
[2].  Figure 8 shows the wireframe layout of iteration 
1 as produced by the geometric model.  Controlling 
vertices are plotted in purple and connecting arcs in 
green. Numbers shows datum soundings compared 
to the still water line. The core design objective was 
to create variation to the original Occys Peak, which 
was more accessible to intermediate surfers, 
whereas Occys’ required a higher level of skill to 
surf.  The idea was to add a more narrow and gently 
sloping focus feature in the bathymetry of Occys 
Peak to that would allow surfers more time to take-
off and reduce the consequence of falling in the 
process. It was the design ambition with this break 
that the surfer should have more time to align its 
body posture and board position to fit underneath 
the wave plunger after completing the take-off and 
hence increasing its changes of completed a 
successful barrel ride. To assist his outcome, it was 
decided to add a bathymetric spur ample distance 
from the initial focus, which would trigger an 
intensification of wave breaking at a controlled 
distance from the initial take off zone.           
 
 

 

Figure 8 Wireframe bathymetry – The Needle Iteration 1 
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Figure 9 shows the second layout iteration of The 
Needle.  In this version the vertical slope of the 
primary spur has been reduced from 1:9 to 1:13 to 
further reduce the wave breaking intensity in the 
take-off.  The spur itself has also been made longer 
to further separate the time between take-off and 
barrel section. The angle of the horizontal contours 
of the secondary spur was decreased to reduce the 
maximum speed requirement for the surfer.  
 

 
Figure 9 Wireframe bathymetry – The Needle 
Iteration 2 

To assess the performance impact of the spur it was 
decided to remove it on the left-hand side of the surf 
break as a test to see the impact on wave quality.  
Figure 10 shows the pool contours of Iteration 2 
when interpolated onto a fine resolution triangular 
mesh, which is used as bathymetry input in the 
digital sandbox.   

 

 

Figure 10 3D contour plot of The Needle Iteration 2 
bathymetry.  

The digital sandbox was used to simulate the first 
three waves of a full 50 second wave sequence of 5 
waves. For design iteration purposes only the first 3 
waves were simulated (30 seconds). Input into the 
model consisted of the bathymetry and the pressure 
time series actuating the wave maker. The input 
time series included a 4.2 m stroke of the wave 
plunger. 

Each model was run using approximately 288 cores 
on Australia’s National University’s (ANU) 
supercomputer and took approximately 12 hours to 
complete.  Figure 11 compares the difference in 
initial wave breaking shape between iteration 1 and 
2 for the 2nd wave of the set.  

 

Figure 11 Initial onset of wave breaking for the 2nd 
wave in the set for Iteration 1 (top) and Iteration 2 (bottom) 

Even before doing any detailed surf quality analysis, 
it is easily observed that there a is significant 
difference in difficulty between the two design 
iterations.  For iteration 1 the wave plunger is 
protruding further forward compared to iteration 2, 
which make falling off the wave during take-off  a 
potentially more frightening experience and 
potentially increases the risk of the surfer hitting the 
bottom if he falls. It is also observed that the 
adjacent wave crest in iteration 1 is very steep and 
almost vertical.  Even when assessed in isolation 
this indicates a challenging take-off zone and a high 
level of surf skill required to generate enough speed 
to pass the first section of the wave before it breaks.  
In comparison the initial wave breaker intensity of 
Iteration 2 is less and more importantly, the vertical 
gradient of the adjacent section of wave crest is 
much less.  This gives a less skilled surfer a much 
larger margin for timing his take-off and provides 
more time to find his balance before the wave starts 
to intensify. Figure 12 compares the wave breaking 
shape for iteration 1 and 2 approximately 2 seconds 
after take-off.  
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Figure 12 wave breaking shape for the 2nd wave in the set 
2 seconds after take-off comparing Iteration 1 (top), 
Iteration 2 Right (middle) and Iteration 2 Left (bottom) 

From the figure it is observed that the wave breaking 
shape of the Right-hand breaking wave for Iteration 
1 and Iteration 2 Right at this point of the wave 
breaking process are similar.  This means that for 
Iteration 2, while the initial take- off is easier to 
complete successfully, a barrelling surf shape 
quickly forms later during the surf ride offering an 
achievable barrel ride on the right hander. For 
Iteration 2 the wave breaking shape of the left-hand 
wave is distinctively different. In comparison to the 
Righthand wave the left hander is only slightly 
barrelling and the adjacent wave gradient is less 
steep.  This is attributed to the lack of a spur on the 
left hander forfeits additional wave focusing and 
effectively moves all pool floor contours further 
away from the circular wave generator. The 
lefthander of iteration 1 was symmetric to the right 
hander. Optisurf was used to analyse and quantify 
the overall surf quality parameters for each of the 
two design iterations using the full 3D water surface 
outputs from the digital sandbox output in 0.1 
second increments.  In Figure 13 below is a 
comparison between the maximum length of ride for 
each design iteration assuming a maximum surfer 
speed of 27 km/hr (suitable for intermediate 
surfers). Only the righthand breaking wave is shown 
in this figure due to space limitations. The overlay of 

blue lines shows all possible surf rides that is 
captured by Optisurf. The black line shows the 
lonest ride.  Red dots indicate a barrel sequence.  
 

 

 

Figure 13 2D plots showing maximum ride lengths 
assuming max surfer speed of 27 km/hr for the right 
hand breaking wave for Iteration 1 (top) and Iteration 2 
(bottom). The grid spacing is 10 x 10 meters.  

Figure 15 compares wave face height and barrel 
height, while Figure 14 compares maximum surfer 
speed.  It is observed that with a speed limit of 27 
km design initiative 1 is only capable of maximum 
ride length of 15.8 m, while design initiative 2 offers 
rides of up to 47.3 meters in length for the right 
hander and 43.8 m for the left. The intermediate 
surfer is simply not fast enough to pass the very fast 
barrelling section in Iteration 1, which mean that 
they need to take-off further away from the initial 
break point in order to complete the longest possible 
ride. In Iteration 2 this problem is solved due to the 
adjustments of the geometry of the focus structure 
and the spur. If the maximum allowable surfer 
speed had been increased to 30 km/hr (slightly less 
of 32 km/hr achieved by 11 times world champion 
Kelly Slater [10]) it becomes possible to pass the 
fast-barrelling section offered by Iteration 1 and 
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increase the ride length from 2.3 seconds (15.6 m) 
to 7 seconds (42 m) as illustrated in the blue curve 
in Figure 14.  
 

 

Figure 14 shows variations in surfer speed for the longest 
surf ride for iteration 1 and 2 

 

 

Figure 15 shows variations in Wave face height and barrel 
height for the longest surf ride for iteration 1 and 2 (max 
25 km/hr).   

 
A selection of representative surf quality parameters 
is summarized in the table below. Iteration 2 
contains different parameters for the right- and left-
hand waves. 
 

Table 1   Surf Quality Index Parameters for longest surf 
ride for iteration 1 and 2 – Max 27 km/hr speed.  

Feature “The Needle” 

 Iteration 1 Iteration 2 (R/L) 

Maximum Ride 
Distance 

15.6 m 47.3 m/43.8 m 

Maximum Surfer 
Speed 

25.5 km/h 26.2 / 26.1 km/h 

Average Surfer 
Speed 

22.1 km/h 23.0 / 23.2 km/h 

Maximum Wave 
Face Height  

1.7 m 2.0 m /1.9 m 

Average Wave 
Face Height 

1.5 m 1.4 / 1.5 m 

Minimum Barrel 
Time  

- 2.0 /0.6 sec 

Maximum Barrel 
Height  

- 0.75 m/0.6 m 

 
5. Summary  
In this paper we have presented a state-of-the-art 
CFD methodology for how to quantitatively optimize 
a pool geometry to meet a range of surf break key 
performance indicators such as wave shape, barrel 
time, minimum required surf speed and length of 
ride. Validation of the method against full scale surf 
pool trials demonstrated a very high level of 
agreement with the numerical modelling approach. 
The authors identify additional potential for further 
extension of validation parameters pending more 
accessible methods for cost effectively surveying 
surfer performance and wave breaking 
characteristics in the field.   
 
It is emphasised that the purpose of OptiSurf is to 
provide a conservative design baseline for what surf 
quality can be expected when designing surf breaks 
for surfing purposes. In combination with visual 
inspection of the surf sequence in full 3D it provides 
in our view a highly robust framework for design 
evaluation of new surf reef performance. The 
process is additionally supported through the 
immersive visualization aspects offered by modern 
Virtual Reality (VR) platforms (Figure 16).  
Using two iterations from a new surf break design 
process, we have demonstrated how even modest 
variations to the bottom bathymetry has significant 
implications to wave shape characteristics, surfing 
quality and difficulty of ride as presented in 
quantitative figures, timer series and tables.  
Utilizing our approach, the surf wave designer is 
empowered with a very high degree of control and 
certainty in the design process, which avoids 
serious design oversights and assures that surf 
performance outcomes are fit for purpose and safe 
for the intended target group.  
 

 

Figure 16 Paper co-author and SurLakes CEO and 
Founder Aaron Travis gets virtually barrelled in   on Occys 
Peak using a VR headset in the First Authors living room.  
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Abstract 
Tsunami pose a significant risk to many urban centres in New Zealand. Having methods to assess the extent 
and flow regimes of tsunami allow the development of appropriate mitigation measures. Simulation of tsunami 
inundation using numerical methods has typically been undertaken assuming a bare-surface terrain with 
roughness coefficients applied based on land cover, rather than incorporating buildings and vegetation into 
the elevation model. This is often a consequence of computational limitations restricting the spatial resolution 
able to be modelled during large-scale tsunami inundation assessments. These coarse resolutions mean that 
buildings and infrastructure are unable to be realistically modelled. This is of particular concern in dense, urban 
environments where tsunami flow characteristics are likely to be strongly influenced by built infrastructure.  
 
This research investigated the effect that spatial resolution, roughness coefficient parameterisation and 
buildings/topographic representation had on the expected flow characteristics during a hypothetical modelled 
tsunami inundation event. A high-resolution study area at Mount Maunganui, New Zealand was selected due 
to its characteristics as a densely built-up, low-lying area, with a known existing tsunami hazard. Non-linear 
shallow water wave equation (NLSW) based models were employed during this study.  
 
The study showed that results were most substantially influenced by different building representations in the 
simulations. Results showed that buildings had the ability to block and channelize flow, resulting in differences 
in maximum flow depths, peak flow velocities and hazard classification between the bare-surface terrain and 
higher-resolution building-resolving models. The addition of buildings led to higher peak depths and velocities 
in certain locations thereby increasing or decreasing the expected hazard potential during the modelled event. 
The high-resolution model outputs are also able to be more effectively used to promote community 
engagement with respect to tsunami hazard and encourage improved public understanding of the threat. 
Building-resolving simulations can be presented visually in a high-resolution, three-dimensional (3D) 
animation, thereby allowing the public to appreciate the potential devastation of a tsunami event in a real-time 
video format.     
 
Keywords: tsunami, inundation, hydrodynamic modelling, numerical models, public engagement   
 
1. Introduction 
Tsunami generation and propagation in the open 
ocean can be described by non-dispersive, linear 
wave equations [12]. However, during the 
subsequent runup at the shoreline the assumption 
of linearity breaks down. Non-linear processes 
become more evident as waves move into shallow 
water and travel overland [4]. Hydrodynamic models 
look to resolve the physics of tsunami in order to 
replicate the shoaling and inundation processes. 
Simulations are commonly set-up using the 
numerical solution of the two-dimensional non-
linear shallow water equations (NLSW).  
 
However, model results are spatially and temporally 
constrained by the time steps and grid elements 
inherent in numerical simulations [7]. Limitations are 
often imposed on the grid resolution within the 
numerical domain because of the high 
computational run-times associated with solving the 
hydrodynamic equations at each cell [11]. Due to 
this limitation, running high-resolution simulations 
over large areas is often not practical (i.e. regional 
tsunami hazard assessments). Consequently, the 

accurate representation of discrete topographic 
features (such as buildings) within hydrodynamic 
models is not always possible when tsunami 
inundation assessments are undertaken.  
 
Due to the coarse grid resolutions used in 
hydrodynamic simulations, features such as 
buildings are often removed from topographic grids. 
This approach is undertaken due to the coarse 
resolutions being unable to represent features with 
dimensions less than the specified grid size. In lieu 
of building data, spatially varying roughness 
coefficients are often used to replicate the effect of 
topographic features. This roughness coefficient 
acts as a pseudo representation that allows 
topographical features (i.e. buildings, roads, grass) 
to be represented non-explicitly within the bare-
terrain digital elevation model (DEM). This causes 
energy dissipation when flows traverse different 
surfaces and move around ‘buildings’ during 
inundation events. 
 
The coarse resolution, roughness coefficient 
approach may inaccurately replicate tsunami 
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inundation flows around buildings and produce 
unrealistic inundation and hazard maps. 
Investigation is required to understand the influence 
that higher resolution models and explicit building 
representation may have on results. 
Moreover, the development of higher resolution 
models may promote more public engagement 
about tsunami hazards since the ability to present 
the model results in a three-dimensional (3D) visual 
animation format is critical to this engagement.    
 
The objectives of this paper are to: 

1. Determine how elements such as grid 
resolution, roughness coefficients and building 
representation influence modelled tsunami 
inundation characteristics.  

2. Investigate how the parametrisation of these 
elements impact the model results used to 
inform tsunami hazard. 

3. Develop a tool to communicate tsunami hazard 
more effectively to promote public engagement 
of the potential threat from inundation.  

 
2. Background  
 
2.1 Topographic representation  
Elements such as grid resolution, a spatially varying 
roughness coefficient and the method of building 
representation are key elements that influence 
inundation results.  
 
2.1.1 Grid resolution 
Spatial resolution of tsunami models is often limited 
to grids no finer than 10 metres. This is of concern 
as grid resolutions greater than the length scale of 
object dimensions inaccurately capture detailed 
features such as buildings [7]. Using a digital 
surface model (DSM) with a coarse grid resolution 
is likely to cause unrealistic results. This is because 
features like buildings are smoothed over larger grid 
elements as shown in Figure 1. One study [13] 
found that as the resolution of the DSM increased 
from 15 m to 5 m, a 30% increase in flow depths and 
velocities occurred during flooding events. It was 
found that the lack of smoothing in the higher 
resolution DSM caused less spread of water, 
leading to localised higher depths [10]. 
 
Other flood modelling studies have shown that 
resolutions of less than 2 m were required to 
represent the complex flow patterns in and around 
buildings on the floodplain, but they were not 
necessary to represent peak flood levels accurately 
[6]. However, it is not clear whether this is true for 
tsunami inundation.  
 
2.1.2 Building representation 
During flood studies in urban environments, where 
buildings have been modelled explicitly as solid 
objects, results have shown that flood depths were 
higher upstream of the urban environment than 

when a roughness coefficient approach was used 
[13]. Meanwhile, downstream of an urban 
environment the flood depths were lower when 
actual buildings were represented compared to the 
roughness coefficient approach. This points to 
potentially higher flow blocking/deflection and/or 
energy dissipation due to the inclusion of buildings.  
 

 

Figure 1   Effect of grid resolution on topographic 
representation at Mount Maunganui, New Zealand. At fine 
resolutions buildings are clearly defined in the elevation 
model (‘augmented’ DEM). At coarse resolutions these 
features are not clearly defined.   
 
In a benchmark study of the 2004 Indian Ocean 
Tsunami the inclusion of buildings and structures 
were shown to have a large influence on inundation 
characteristics. The study assumed the buildings 
remained substantially intact. The presence of 
buildings increased onshore flow speeds and 
depths in passages between buildings. The flow 
speeds tend to slow in areas behind buildings. 
However, the total volume of water onshore 
decreased due to blocking effects of the buildings 
that appear to reflect water back offshore [7]. 
 
Similar findings were found in a hypothetical 
tsunami inundation study of the Wellington CBD. 
This compared a roughness coefficient approach 
and explicitly representing buildings as elevation 
data. Buildings were manually created in a 1.5 m 
resolution DEM to the correct height, and it was 
assumed that these structures would remain 
standing when exposed to any lateral forces. In the 
roughness coefficient approach, spatially varying 
Manning’s values were chosen to represent the 
differences in energy dissipation across buildings, 
roads and land. Similar inundation extents occurred 
in both approaches. However, the landward flow 
depths were up to 1.0 m higher using the elevation 
rise approach. On average, the elevation rise 
representation led to 50% increases in flow depth 
estimates over the city. Consequently, the building 
elevation rise approach resulted in major increases 
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in flow velocities which were typically 1.0-3.0 m/s or 
80% higher than those modelled using the 
roughness coefficient. The maximum water level 
within the harbour increased 0.5 m due to the 
buildings blocking incoming tsunami flow. [14]. 
These studies highlight that, flow characteristics 
may not be realistically represented when buildings 
are missing in the elevation model.   
 
2.1.3 Roughness coefficient   
Friction at the interface between fluid flows and the 
ground will lead to a reduction in momentum (due to 
form resistance and skin resistance from drag and 
shear forces respectively). Roughness coefficients 
(or bed resistance parameters) simulate this energy 
dissipation as water flows through, around or over 
different surfaces. Studies have concluded that the 
roughness coefficient method is suitable for flood 
modelling when there is a lack of dense topographic 
data or computational limitations require low-
resolution modelling to be used [2].   
 
Using a roughness coefficient approach has 
limitations as it is unable to dissipate energy in the 
flow by forcing a direction or velocity change in a 
similar manner to elevated building data [2]. 
Consequently, a roughness coefficient is unable to 
capture flow depths and direction changes adjacent 
to buildings realistically. When using the roughness 
coefficient approach the flow passes through the 
buildings relatively unimpeded. This contrasts with 
when building elevation data is included in the grid 
as flow is stopped completely when it hits the 
effectively solid wall of buildings [10].  
 
In other studies, a roughness coefficient approach 
has shown significant flow differences in current 
velocities but less significant maximum water depth 
differences [9]. Thus, flow characteristics may not 
be realistically represented when a bare-terrain 
DEM and roughness approach is modelled.  
 
2.2 Numerical Models   
Two-dimensional (2D) NLSW models (e.g. MIKE21, 
COMCOT, ComMIT) are normally used for shallow 
water hydrodynamic modelling of tsunami. NLSW 
models simulate water levels and flow 
characteristics across a temporal-spatial domain. 
The numerical solution of the 2D depth-averaged 
Navier-Stokes shallow water equations 
encompasses momentum and mass conservation 
over the grid elements [9].  
 
3. Methodology  
The paper investigated how parameterising grid 
resolution, building representation, and roughness 
coefficient parameterisation influences modelled 
tsunami inundation characteristics. There is 
uncertainty about the sensitivity and degree of 
influence these elements have on the results. There 
is particular uncertainty surrounding how these 

elements will influence tsunami inundation 
characteristics, as opposed to typical flood 
inundation. 
 
3.1 Location and setting  
This research modelled a hypothetical maximum 
credible event (MCE) at Tauranga, New Zealand. 
This tsunami event has previously been modelled 
using a 10 m DEM and roughness approach and will 
act as the benchmark for this research [1,8].  
 
The urban area adjacent to Mauao, Mount 
Maunganui, shown in Figure 2, was modelled due 
to it being the most densely built urban zone along 
the Bay of Plenty coastline. The model domain is 
contained in a rectangular grid that is 5 km by 5 km. 
 

 
Figure 2   Geographic model domain at Mount 
Maunganui, Tauranga. Rotated 37˚ to correspond with 
incoming tsunami waveform forced over the eastern 
boundary.    

A MCE has previously been identified in the Bay of 
Plenty and has a wave amplitude of approximately 
13.5 m at the shoreline [1]. This would originate from 
a large magnitude nearshore event along the 
southern Kermadec Trench. This wave could reach 
the Tauranga coastline within 60 minutes of 
generation. The waveform was forced over the 
eastern boundary (2.5km offshore).  An initial water 
level of 0.8m RL (Moturiki Vertical Datum) was 
chosen as a pragmatic water level that will not 
significantly affect the joint probability of tsunami 
and tidal level [8].  
 
3.2 Topographic Grid  
An updated, high-resolution model domain of Mount 
Maunganui was constructed using 2019 LiDAR 
data. The offshore bathymetry was sourced from 
the GNS Science regional model and was 
supplemented by Land Information New Zealand 
(LINZ) Bathymetric Charts.  
 
To understand the effect of spatial resolution on the 
model results, the topographic grids were created at 
2 m and 10 m spatial scales. Three different 
topographic representations were modelled to 
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understand the effect that building representation 
has on inundation (shown in  Figure 3). These 
elevation grids were:  
 

i. Plain Digital Elevation Model, DEM (all 
buildings, vegetation, etc. captured by 
LiDAR were stripped leaving a ‘bare 
surface terrain’ elevation grid)  

ii. ‘Augmented’ DEM (building elevation data 
superimposed on top of the DEM at building 
footprint locations only)  

iii. Digital Surface Model, DSM grid (contains 
all features captured by LiDAR including 
vegetation, buildings, cars etc).  

 
 
Figure 3  Elevation models created (at 2 m resolution) 
from LiDAR at Mount Maunganui, New Zealand.   

Additionally, a spatially varying bed resistance 
(roughness coefficient) grid was incorporated into a 
number of the simulations. This replicated the 
frictional effect of various ground surfaces on the 
flow [7]. This is shown in Figure 4. 

Figure 4   Roughness grid employed in the MIKE21 
simulations (Manning’s, M, inverse of Manning’s, n). 

3.3 Numerical model description  
NLSW Model simulations were conducted using 
DHI’s MIKE21 two-dimensional hydrodynamic (HD) 
flow model. This solves water level variations and 
flows based a depth-averaged version of Navier–
Stokes equations. 

3.4 Simulations conducted  
Table 1 outlines the simulations conducted along 
with a brief description of the key model parameters. 

Table 1   Simulations conducted. 
Run  Model type Elevation grid Grid size 

1 NLSW DEM + roughness 
coef. 10 m x 10 m 

2 NLSW DEM + roughness 
coef. 2 m x 2 m 

 3 NLSW DSM + roughness 
coef. 2 m x 2 m 

4 NLSW Augmented DEM + 
roughness coef. 2 m x 2 m 

 5 NLSW DEM +                       
no roughness  10 m x 10 m 

 6 NLSW Augmented DEM + 
no roughness 2 m x 2 m 

The effect these parameters had on the magnitude 
of inundation was analysed. The outputs of the 
NLSW simulations are presented in 2D maps 
showing maximum inundation depth and peak flow 
velocities and hazard classification maps. Hazard 
mapping guidance from Australian Rainfall and 
Runoff Guide 2010 [3] was used to inform 
pedestrian hazard. This method uses V×D (m2/s) to 
determine pedestrian stability in flooding conditions. 
 
4. Results and analysis  
Maximum flow depth, peak velocity and hazard 
classification were investigated. The NLSW results 
are shown in Figure 5, Figure 6, and Figure 7. The 
hazard was largely unchanged in most locations. 

i. Bare- terrain DEM  

 

ii. “Augmented’ DEM 

 

iii. DSM  
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This was due to the size of the waveform resulting 
in extreme hazard over most of the urban 
environment at the study location regardless of the 
simulation parameters. However, as no flow occurs 
inside building footprints there is no hazard 
identified in these locations. Additionally, depth and 
velocities are reduced on the leeside of buildings 
and thus the ‘apparent’ hazard is reduced. This may 
not be an ideal message to communicate to 
evacuation managers as it is expected that the 
hazard could still be significant due to the 
destruction of the buildings and/or the  turbulence, 
eddies, debris flows etc were not simulated.  

 
Figure 5   Maximum inundation depth maps. 

 
Figure 6   Peak flow velocity maps. 

 
 Figure 7   Hazard classification maps.  

4.1 Influence of spatial resolution  
When the grid size increased from 10 m (Run 1) to 
2 m (Run 2), smoothing effects were reduced in the 
elevation grid. The smaller cell sizes in the grid 
meant that localised sharper changes in elevation 
were captured more accurately (i.e. surrounding 
buildings, dunes or at the base of Mauao). The 
difference in elevation between the grids (no more 
than a few hundred millimetres) at these locations 
directly translated to differences in maximum flow 
depths. However, these were not significant relative 
to overall flow depths and did not have a significant 
influence on overall inundation characteristics 
 
4.2  Influence of building representation  
A combination of buildings, vegetation and other 
features were added to the 2 m x 2 m bare-terrain 
DEM (Run 2) during the DSM and the ‘augmented’ 
DEM simulations (Runs 3 and 4). The influence of 
the buildings on the maximum flow depths are 
clearly evident, as shown in Figure 8. Significant 
blocking effects have resulted in depths being up to 
1.5 m higher on the seaward side of the isthmus. 
Meanwhile on the leeside of the buildings, the 
maximum flow depths are decreased significantly 
due to the blocking effect of the buildings.   
 
The blocking effects of buildings are also evident 
when peak velocity is analysed. A clear difference 
in maximum velocities is seen in the DSM (Run 3) 
and ‘augmented’ DEM (Run 4) topographic 
representations. In the DSM simulation a reduction 
in flow velocities is observed. This is particularly 
evident at the road extents (i.e. between buildings). 
It is theorised that the blocking effect from the mass 
of objects captured by the DSM will have reduced 
the volumes of water inundating the urban 

Run 2 
2m DEM 

Run 3 
2m DSM 

Run 4 
2m ‘aug’ DEM 

Run 5 
10m DEM     

no roughness 
 

Run 1 
10m DEM 

Run 6 
2m ‘aug’ DEM 
no roughness 

Run 2 
2m DEM 

Run 3 
2m DSM 

Run 4 
2m ‘aug’ DEM 

Run 5 
10m DEM     

no roughness 
 

Run 6 
2m ‘aug’ DEM 
no roughness 

Run 1 
10m DEM 

Run 2 
2m DEM 

Run 3 
2m DSM 

Run 4 
2m ‘aug’ DEM 

Run 5 
10m DEM     

no roughness 
 

Run 6 
2m ‘aug’ DEM 
no roughness 

Run 1 
10m DEM 
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environment (as indicated by the depths observed 
in Figure 8). Thus, peak velocities traversing the 
isthmus are reduced. In the ‘augmented’ DEM 
simulation, velocities increase over the first block 
and then reduce again further inland. This again 
highlights the blocking and channelization effect of 
buildings being included in the elevation model, but 
to a lesser extent than the DSM simulation.   

 
Figure 8   Difference in maximum inundation depths 
relative to the bare-earth DEM (Run 2). Negative values 
are reductions.  

A DSM (Run 3) created unusual inundation 
characteristics in some locations. When a raw DSM 
is created from LiDAR, features such as 
overhanging branches, awnings, cars, bench seats, 
umbrellas etc are captured as solid impermeable 
objects. This is highlighted in Figure 9. Therefore, 
no flow depths are captured in these locations. This 
does not represent geospatial reality accurately and 
so a DSM representation may artificially increase 
the number of non-permeable objects blocking flow. 
The difference in inundation characteristics of Run 
3 and Run 4 highlight the difference of modelling all 
topographic features versus only building elevation 
data. A judgement is made that Run 4 results are 
more accurate using an ‘augmented’ DEM.  

 

Figure 9   Geospatial reality (Google Maps, December 
2015) compared to bare-terrain DEM, ‘augmented’ DEM 
and DSM grid representations at Marine Parade, Mount 
Maunganui. Aspects of the DSM are represented 
inaccurately due to the LiDAR laser capturing non-solid 
objects (i.e. trees) as solid conical objects and the 
subsequent smoothing effects over a 2 m grid. 

4.3 Influence of roughness 
When buildings were not included in the simulations 
(i.e. Run 2 and Run 5) the effect of parameterising 
a roughness coefficient was shown to have 
significant influence. When no roughness was 

specified over the bare-terrain DEM, the maximum 
flow depths were shown to decrease slightly, in 
particular on the seaward side of the isthmus. 
Meanwhile, peak velocities were shown to increase 
significantly, as shown in Figure 10. This indicates 
that without the retarding effect of the roughness 
coefficient (i.e. in the absence of friction), flows will 
traverse the landform at lower depths and faster 
speeds.  When buildings were included explicitly in 
the simulation (i.e. Run 4 and Run 6) the effect of 
roughness was less significant. Maximum flow 
depths were not significantly influenced, and peak 
flow velocities increased primarily on the seaward 
side of the isthmus. This indicates that building 
representation influences inundation to a greater 
degree than parameterisation of roughness.  
 

 
Figure 10   Difference in peak flow velocities when the 
spatially varying roughness-grid is removed from the 
simulations. Differences analysed ussing a bare-terrain 
DEM (i.e. Run 1 and 5) and ‘augmented’ DEM ( i.e Run 4 
and 6). Negative values are reductions.  
 
4.4 3D visualisation of tsunami event   
The high-resolution simulations allow the 
presentation of the model outputs to be shown 
obliquely in a visual format (i.e. MP4) with a high 
degree of detail visible. Landmarks such as 
buildings are clearly identifiable and aerial images 
can be overlayed (as seen in Figure 11). The 
MIKE21 output was able to be inputted directly into 
DHI plug-in software, thereby enabling presentation 
to be created quickly with no additional post-
processing. This 3D visualisation enhances public 
engagement of the hazard potential beyond what 
2D mapping of bare-terrain models can achieve.  
 
5. Summary  
This study showed that using different building 
representations, roughness coefficients and spatial 
resolution had the ability to influence tsunami 
inundation characteristics at Mount Maunganui. The 
differences in maximum depths and velocities 
between the bare-terrain models and higher-
resolution building-resolving models showed that 
buildings had the greatest ability to block and 
channelize the flows. This led to higher velocities 
and depths in certain locations. It was shown that 
the building representation had a greater influence 
than roughness on the observed inundation 
characteristics. Furthermore, the high-resolution, 
building resolving models allow for the simulation to 
be shown obliquely in a more engaging format than 
traditional 2D hazard maps. 

Run 3 Run 4 

Reality 

‘augmented’ DEM DSM 

bare-terrain DEM 

Run 5 
vs Run 1 

 Run 6 
vs Run 4 
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6. Recommendations 
Our recommendations for future research are:  
• Compare similar simulations with a smaller 

tsunami waveform (higher AEP event) to 
understand the effect model parameters have 
on the inundation characteristics and hazard 
classification at Mount Maunganui. 

• Investigation of tsunami behaviour using 
alternative Boussinesq models or others for the 
purpose of propagation and inundation.  

• Determine whether these findings are typical of 
all urban environments or if the results are 
particular to this location only.  

• Combine virtual reality (VR) technology with 
the high-resolution results produced during this 
study to further promote public engagement 
with tsunami hazard.  
 

 
Figure 11   3D visualisation of hypothetical maximum 
credible tsunami event at Mount Maunganui, New 
Zealand. MIKE21 Animator plugin (DHI) was used to 
present the results.  

7. Acknowledgments   
Acknowledgements Dr Colin Whittaker and Dr Liam 
Wotherspoon for their advice during this study. Also, 
to those at Tonkin + Taylor and DHI who provided 
support and guidance for the hydrodynamic 

modelling conducted using MIKE21 software. 
Additional thanks to Tonkin + Taylor who supported 
this research through the inaugural coastal 
engineering master’s scholarship. 
 
8. References  
[1] Beban, J.G., Cousins, J., Wang, X. and Becker, J.S. 
(2012), Modelling of the tsunami risk to Papamoa, 
Wairakei and Te Tumu and the implications for the 
SmartGrowth Strategy, GNS Science Consultancy Report 

[2] Bellos, V. and, Tsakiris, G. (2015), Comparing various 
methods of building representation for 2D flood modelling 
in built-up areas. Water Res. Mngmt., 29(2), 379-397. 

[3] Cox, R., Shand, T., Blacka, M. (2010), Australian 
rainfall and runoff revision project 10: appropriate safety 
criteria for people. Water Research Journal Vol 978.   

[4] Dalrymple, R. A., Grilli, S. T. and, Kirby, J. T. (2006), 
Tsunamis and challenges for accurate modelling. 
Oceanography, 19(1), 142. 

[5] Dottori, F., Baldassarre, G., and, Todini, E. (2013), 
Detailed data is welcome, but with a pinch of salt: 
Accuracy, precision, and uncertainty in flood inundation 
modelling. Water Res. Research, 49(9), 6079-6085. 

[6] Ernst, J., Dewals, B. J., Detrembleur, S., Archambeau, 
P., Erpicum, S., and, Pirotton, M. (2010). Micro-scale 
flood risk analysis based on detailed 2D hydraulic 
modelling and high resolution geographic data. Natural 
Hazards, 55(2), 181-209. 

[7] Jakeman, J., Nielsen, O., Van Putten, K., Mleczko, R., 
Burbidge, D. and, Horspool, N. (2010), Towards spatially 
distributed quantitative assessment of tsunami inundation 
models. Ocean Dynamics, 60(5), 1115-1138. 

[8] Knook, P., Hansen, R., Shand, T., Russ N., Reinen-
Hamill, R., Baunton, P., Conning, R., and Nicholson, C., 
(2015), Tsunami evacuation modelling and mitigation 
measures for Tauranga City, New Zealand. Paper 
presented at the Australasian Coasts & Ports 2015 

[9] Leschka, S., Pedersen, C. and,  Larsen, O. (2009), On 
the requirements for data and methods in tsunami 
inundation modelling–Roughness map and uncertainties. 
Paper presented at the Proceedings of the South China 
Sea Tsunami Workshop, Penang, Malaysia. 

[10] Smith, G., Wasko, C. and,  Miller, B. (2012), 
Modelling the influence of buildings on flood flow. Paper 
presented at the Proceedings of 52th Floodplain 
Management Association Conference, NSW Australia. 

[11] Synolakis, E., Bernard, N., Titov, V., Kânoğlu, U. and,  
Gonzalez, I. (2008), Validation and verification of tsunami 
numerical models. In Tsunami Science Four Years after 
the 2004 Indian Ocean Tsunami. Part I: Modelling and 
Hazard Assessment, pp. 2197-2228. Birkhäuser Basel.   

[12] USACE. (2008), Coastal Engineering Manual. 

[13] Vojinović, Z. and, Abbott, M. B. (2012), Flood risk and 
social justice: from quantitative to qualitative flood risk 
assessment and mitigation (Vol. 2): IWA Publishing. 

[14] Wang, X., Power, W., Lukovic, B. and, Mueller, C. 
(2017), Effect of explicitly representing buildings on 
tsunami inundation: A pilot study of Wellington CBD. 
Paper presented at the Proceedings, New Zealand 
Society for Earthquake Engineering Conference 2017. 

Tsunami wave approaching coastline 

Partial tsunami inundation of landform 

Complete tsunami inundation of landform 

713



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Morphodynamic variability assessment on a high-energy beach to develop trigger levels for coastal management intervention 
Thomas Murray, Darrell Strauss, Guilherme Vieira da Silva, Rodger Tomlinson, Ana Paula Silva, Gaëlle Faivre, Zoe Elliot-Perkins, 
Courtney Wharton, Paul Prenzler 

Morphodynamic variability assessment on a high-energy beach to 
develop trigger levels for coastal management intervention  

 
Thomas Murray1, Darrell Strauss1, Guilherme Vieira da Silva1, Rodger Tomlinson1, Ana Paula Silva1, Gaëlle 

Faivre1, Zoe Elliot-Perkins2, Courtney Wharton2, Paul Prenzler2 

1 Coastal and Marine Research Centre, Griffith University, QLD, Australia; t.murray@griffith.edu.au 
2 City Assets, Transport and Infrastructure, City of Gold Coast, Australia 

 
Abstract 
Ongoing high spatial and temporal survey data collection programs of both the beach and surf zone that extend 
to the depth of closure are rare. The advantage of such monitoring programs is in the understanding of the 
variability in the beach system as a whole including sand movement in the intertidal and subtidal zones, where 
the majority of sediment transport occurs. Two and a quarter years of quasi-monthly high frequency (50-100 
m spacing) topo-bathymetric survey of a 4 km long open coast embayment, from +5 m (dune) to -10 m AHD 
(Australian Height Datum) was analysed to assess morphodynamic variability within the compartment both 
spatially and temporally in order to define coastal management trigger levels. Digital elevation models (DEMs) 
were produced from survey data and sediment volumes were defined for nine, 400 m sub-beach 
compartments. An interquartile range statistical approach was undertaken to examine the frequency 
distribution of sediment volume for each sub-compartment for the study period. Sediment volumes for each 
day of survey are compared against the Q25 and Q50 (median) values in order to present a methodology for 
defining potential trigger levels for coastal management decision making. Results highlight the spatial 
variability in sub-compartment sediment volume based on shoreline orientation, back barrier location and both 
subaerial and subtidal morphology. The interquartile range methodology is used in conjunction with a 
qualitative description of the sub-compartment morphological changes and the wave climate to assess the 
suitability of the approach for establishing trigger levels for coastal management intervention. This framework 
may be applied elsewhere and also to a more simplified historical cross-shore profile analysis. 
 
Keywords: morphology, sediment volume, topo-bathymetric survey, headland bypassing 
 
1. Introduction 
Australian coastal cities are built adjacent to sandy 
beaches which are iconic and hold high value to 
residents and tourists alike. Many dynamic 
Australian beach environments have become highly 
urbanised, with both natural and anthropogenic 
causes of erosion threatening coastal assets and 
infrastructure.  
 
A detailed understanding of both short- and longer-
term changes in sediment volume and beach 
morphology along a coastline are vital for informed 
coastal management decision making. In order to 
understand both natural and anthropogenic change 
to the morphology and sediment buffer of a beach 
system regular monitoring programs need to be 
established [e.g. 9, 11, 17]. Inter-annual monitoring 
programs which collect high spatial and temporal 
frequency survey of both the beach and surf zone 
are rare [1, 14, 18]. These programs allow for an 
understanding of morphodynamic change in both 
the subaerial and subtidal zone, which provides a 
better indication of erosion buffer than upper beach 
or shoreline analysis. 
 
This paper aims to utilise a high frequency topo-
bathymetric monitoring program to assess 
morphodynamic variability along a high energy 
beach. In doing so a statistical technique is 
developed to understand potential trigger levels for 
coastal management intervention, whilst 
considering spatial variability in the state of the 

beach. Coastal management interventions may 
include hard structure engineering (e.g. seawalls) or 
more working with nature approaches such as 
nourishment. 
 
1.1 Study Area 
Palm Beach, southeast Queensland is a 4 km long, 
semi-embayed open coast beach bounded by 
trained tidal inlets and headlands at either end 
(Figure 1). The sandy beach (d50 = 0.2 mm) is east 
facing and exposed to a bi-modal wave climate and 
micro-tidal regime [8, 19]. Beach morphology is 
variable along the embayment with a mixture of 
double and single bar morphology and a wave-
modified ebb-tide delta influencing the morphology 
at the southern half of the beach [2, 13]. The beach 
morphodynamics are also influenced by a large 
offshore natural reef [6]. The embayment has 
undergone management interventions including the 
construction of seawalls, groynes, training walls, an 
artificial reef and both nearshore and upper beach 
nourishment between 1973 and 2021 [4, 16, 21]. 
The tidal inlet entrances are annually dredged for 
erosion protection and to encourage the natural 
sediment transport to the north [4, 12]. The 
embayment has been historically vulnerable to 
erosion events and the intermittent sediment 
bypassing pulses on the updrift headland at 
Currumbin [2, 16]. 
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Figure 1.  Location of Palm Beach in SE Queensland and 
the monitoring site showing high frequency survey lines 
(ETA lines) and artificial reef. Red lines indicate the main 
ETA lines spaced every 400 m and surveyed ad hoc since 
1966. These main ETA lines define the nine sub-
compartments. White lines indicate the additional survey 
lines spaced between 50 and 100 m and surveyed quasi-
regularly since January 2018. Background image from 
ESRI database (Source: Esri, DigitalGlobe, GeoEye). 
 
2. Methods 
From January 2018 to April 2020, a quasi-monthly, 
high frequency (50-100 m spacing) topo-
bathymetric survey of the entire embayment – from 
+5 m (dune) to -10 m local mean sea level 
(Australian Height Datum, AHD) – was collected by 
the City of Gold Coast (Figure 1). Due to the oblique 
orientation of the coast and extent of the survey 
data, surveys were interpolated to a fine irregular 
grid (variable resolution between 5 x 8 m inshore to 
10 x 20 m offshore). Digital elevation model (DEM) 
difference plots were produced and sediment 
volume calculated. This is an approximation of 
actual sediment volume in the embayment sub-
compartments but it is assumed here to be 
reasonable for the large-scale DEM [15] and 
purposes of suggesting trigger levels for coastal 
management and monitoring at this location. The 
beach was divided into nine sub-compartments, 400 
m long, bounded by the main ETA lines, for spatial 
analysis (Figure 1).  
 
An interquartile range statistical approach [10] was 
undertaken to examine the sediment volume 
distribution, for each of the nine sub-compartments, 
for the study period. From the results, two volume 
quantile zones are defined for coastal management 
decision making: (1) a ‘red zone’ below the 25th 
percentile (vol.<Q25) and; (2) a ‘blue zone’ above the 
25th percentile (vol.>Q25) (Figure 2). The volumes 
for each sub compartment for each day of survey 
are compared against the Q25 and Q50 (median) 
values from the interquartile range analysis in order 
to present a methodology for defining potential 

trigger levels for coastal management decision 
making. This is visualised using Hovmöller 
diagrams that show the variability of sediment 
volume along the beach sub-compartments (y-axis) 
and the survey period (x-axis).  A score above ‘1’ 
(blue colours) represents a survey where volumes 
are greater than the trigger level and a score below 
‘1’ (red colours) represents a survey with volumes 
lower than the trigger level. The statistical technique 
assumes any sediment volume value falling in the 
red zone (vol.<Q25) is at an ‘erosion risk’ and 
management intervention should be considered, 
whilst any value falling in the blue zone (vol.>Q25) is 
considered in a steady state of natural beach flux, 
with ‘adequate’ sediment buffer for coastal 
infrastructure. Volume values above the median 
(vol.>Q50) may be considered a ‘healthy’ state with 
little to no management intervention required. 
These trigger levels are tested for the study period 
to assess the ability of the method to reasonably 
estimate the need for intervention. This framework 
may be applied elsewhere where similar datasets 
are available. Moreover, in areas where a similar 
dataset is not available, the method can be adapted 
and applied to beach widths such as those derived 
from satellites. 
 
3. Results 
3.1 Digital Elevation Model Sediment Volume 

Distribution 
The volume distributions in each sediment sub-
compartment show variability along the embayment 
(Figure 2) generally due to the oblique orientation of 
the survey and the variable width of beach and back 
barrier between the shoreline and most-landward 
point of the survey (Figure 1). The sediment volume 
for each sub-compartment between ETA 29 and 
ETA 34 (southern half) fluctuated by around 5% 
between minimum and maximum volumes, whilst 
between ETA 34 to ETA 38 (northern half) the sub-
compartment sediment volumes fluctuated around 
3% (Figure 2). The southern end of the embayment 
(sub-compartment ETA 29-30) shows the highest 
volumes (Figure 2) due to the wide back barrier, 
influence of annual upper beach nourishment [4], 
and wave modified ebb tide delta (Figure 1). This 
southern sub-compartment also presents the 
highest variability in volume distribution due to the 
input of sand via headland bypassing. 
 
In the southern sub-compartment (ETA 29-30) there 
is a low volume (vol.<Q25) of sand between January 
2018 and July 2018 (Figure 3, top). From October 
2018 onward this sub-compartment accumulates 
sediment, displaying a mostly healthy (vol.>Q50) 
volume based on the methodology criteria.  
 
Overall, between January 2018 and March 2019, 
the majority of the embayment (ETA 30-38) had an 
adequate (Q25<vol.<Q50) sediment volume 
(Figure 3, top), with the historically vulnerable sub-
compartments between ETA 30-34 [2] presenting a 
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healthy (vol.>Q50) sediment volume, and the less 
variable sub-compartments ETA 34-38 (Figure 2) 
displaying volumes generally between Q25 and Q50 
(Figure 3 top, bottom). 

Figure 2.  Volume distribution (m3) (+5 m to -10 m AHD) 
per sub-compartment for the January 2018 to April 2020 
survey period. Interquartile range is Q25 to Q75 with 
whiskers representing maximum and minimum recorded 
volumes. Solid dark blue line represents Q50 (median). 
Red ‘erosion risk’ zone = minimum to Q25; blue ‘adequate 
buffer’ zone - Q25 to maximum. 
 
From August 2019 to April 2020 the northern half of 
the embayment (ETA 34-38) generally had a 
healthy (vol.>Q50) buffer (Figure 3 bottom). The 
southern half of the embayment, on the other hand, 
had an adequate (Q25<vol.<Q50) buffer (Figure 3 
top, bottom). In fact, sub-compartments ETA 30-34 
showed some sediment loss between August and 
October 2019 when compared to both trigger level 
benchmarks (Figure 3 top, bottom). For the sub-
compartment ETA 30-31 the sediment volume 
generally remained below the Q50 trigger level 
between August 2019 and April 2020 (Figure 3, 
bottom). 

3.2 Qualitative Description of Morphological 
Change 

DEM difference plots, presented in Figure 4, 
highlight changes in the subaerial and subtidal 
beach between subsequent surveys (Figure 4). 
Additionally Figure 4 depicts the wave roses (Hs, 
Dir) from the Brisbane Wave Buoy (Figure 1) for 
each survey interval. 
 
An erosion event (Figure 4a) preceded accretion 
(Figure 4b) at Palm Beach between the January and 
July 2018 with most of the sediment transport 
occurring along the surf zone sand bar. A 1 in 4 year 
wave height event [19] occurred in October 2018 
with the beach resetting to a linear double bar 
morphology with an outer longshore bar and quasi- 
shore-attached inner terrace beach (Figure 4c). The 
next survey conducted was in March 2019, after 
Tropical Cyclone (TC) Oma (in February 2019, 
Figure 4d). According to the classification of [19] 
this was also a 1 in 4 year wave height event, 
however, there appears to be onshore bar migration 
of the surf zone bar between October 2018 and 
March 2019 at the southern to mid-section of Palm 
Beach, with a sand pulse entering the southern end 
from around Currumbin Headland (Figure 4d). In 
contrast the northern end of the embayment 
displayed (seaward) movement of the offshore 
storm bar after the TC-Oma event (Figure 4d). The 
peak of the October 2018 event (Hs > 3 m) lasted 
two days and coincided with shore normal (east) 
waves (Figure 4c), whilst the peak of the TC-Oma 
event (Hs > 3 m) lasted three days and recorded 
waves out of the southeast (Figure 4d) [20]. Low to 
moderate wave conditions resulted in an 
accretionary period between March 2019 and 
January 2020 (Figure 4e-i). The artificial reef 
construction is evident in the July to August 2019 
difference plot (Figure 4f). 
 

Figure 3.   Comparing individual survey volumes for each sub-compartment (dimensionless) against Q25 (top) and Q50 
(bottom) values. Red contours indicate values lower than threshold, whilst blue contours represent values greater than 
threshold 
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Low to moderate wave energy from the east-
southeast to southeast persisted through the 
January to April 2020 period (Figure 4j,k). One large 
southeast swell event (Hs > 4 m at the Brisbane 
Buoy) occurring in mid-February 2020 resulted in 
the beach state morphology resetting to a double 
bar, with a rhythmic outer bar and complex shore-
attached inner bar (Figure 4j). After another swell 
event in mid-March, conditions returned to 
accretionary with significant wave heights falling 
through April 2020 (Figure 4k). The lower wave 
energy is reflected in the April 2020 survey with the 
offshore bar moving shoreward (Figure 4k). 
Northerly and shoreward sediment transport is 
evident at the southern end of the embayment, 
between January and April 2020 (Figure 4k). 
 
4. Discussion 
The dataset highlights the usefulness of high 
frequency spatial survey for mapping morphological 
change and sediment volume variability for an entire 
beach embayment. The study site is of additional 
interest as it has a long history of intervention 
management [2-5, 12, 16]. The trigger level 
methodology is therefore tested for identifying 
potential need for coastal protection intervention. 
 
Observing the nine sub-compartments individually, 
utilising the interquartile range approach, highlights 
the variability alongshore and is useful for decision 
making as different sections of the embayment 
respond differently to erosion events and 
accretionary periods. The southern sub-
compartment (ETA 29-30) receives sediment from 
the updrift beyond the survey area via headland 
bypassing of Currumbin Headland (wave-modified 
ebb tide delta), and tidal inlet sources (both natural 
and anthropogenic) [2, 4, 7, 12]. The methodology 
suggests that between January and July 2018 the 
ETA 29-30 sub-compartment requires management 
attention (vol.<Q25), whereas the rest of the 
embayment is stable. Sand begins to accumulate in 
this sub-compartment from October 2018 to the end 
of the study period, with clear pulses of sediment 
entering the system from the wave-modified ebb 
tide delta (Figure 4c-k). Post October 2018 the ETA 
29-30 sub-compartment is classified as having an 
adequate or healthy sediment volume, indicating 
that the sediment supply from the updrift is 
adequate to maintain a reasonable storm buffer for 
this section of beach. In the context of the study 
period the natural bypassing sediment supply and 
annual nourishment of the upper beach [4, 5] seem 
to adequately replenish this section of the 
embayment. 
 
It has been noted in previous studies that the 
section of Palm Beach immediately downdrift of the 
delta (ETA 30-34) may be more susceptible to 
erosion during both high energy events, due to 
wave focussing of the offshore natural reef [6], and 
accretionary periods due to constraints of the 

Currumbin Headland bypassing process, whereby 
sand accumulates in a sand pulse, inhibiting the 
downdrift supply of sediment to sub-compartment 
ETA 30-34 [2]. Whilst the Hovmöller diagram 
(Figure 3) shows a healthy (vol.>Q50) sediment 
volume at this section of Palm Beach for the period 
of January 2018 to March 2019, the period was 
characterised by two 1 in 4 year erosive wave 
events (Figure 4c,d). During this period the DEMs 
highlight northerly sediment transport, mostly 
through the surf zone, into sub-compartments ETA 
30-34 (Figure 4a-d). From January 2018 to March 
2019 the northern end of the embayment (ETA 34-
38) has an overall adequate (Q25<vol.<Q50) 
sediment volume with some low volumes (vol.<Q25) 
reflected at sub-compartments ETA 35-36 (January 
2018), ETA 36-37 (July 2018) and ETA 34–35 & 
ETA 37-38 (March 2019) (Figure 3). This has 
implications for management decision making as 
the embayment overall appears to have an 
adequate storm buffer during this time, despite two 
large erosive events. Sub-compartments between 
ETA 34-38 which display low sediment volume 
(vol.<Q25) quickly replenished without intervention, 
except for ETA 34-35, which took four to five months 
to recover to adequate volumes. 
 
Between June and October 2019 (Figure 4f,g) there 
is an obvious loss of sediment from sub-
compartments ETA 30-34 (Figure 3). This coincides 
with a low energy wave climate (Figure 4f,g). This 
loss of sediment volume can be explained by 
moderate rates of accretion of the inner sand bar 
shoreward and northward out of this section of 
beach, with no consistent replenishment of sand 
from the wave-modified ebb tide delta (Figure 4f,g). 
At this stage of the bypassing cycle sediment is 
accumulating in a sand pulse (ETA 29-30), inhibiting 
transport downdrift to sub-compartment ETA 30-34 
(Figure 4f,g) [9, 12]. During this period the adopted 
methodology suggests coastal managers should 
focus their attention on this area of the embayment. 
Longer term intervention may include shoring up of 
the buried seawall and stabilising the dune system 
[16], but shorter-term strategies such as beach or 
nearshore nourishment could aid in returning 
sediment volume to these sub-compartments. The 
updrift Currumbin Creek is dredged annually with 
sediment placed on the upper beach in sub-
compartments ETA 29-34. This trigger level 
methodology may be therefore used to target 
nourishment placements in these sub-
compartments during this eroded stage. Sediment 
volume arrives in sub-compartments ETA 30-34 
between December 2019 and April 2020, although 
the buffer remains generally less than the Q50 
healthy threshold (Figure 3). The wave climate 
switches back to the southeast between January 
and April 2020, driving some sediment volume 
replenishment to these sub-compartments due to a 
small increase in net northerly sediment transport 
(Figure 4j,k). 
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Figure 4.   Digital Elevation Model difference plots highlighting morphological changes for the subaerial and subtidal beach 
from: (a) Jan to Apr 2018, (b) Apr to Jul 2018, (c) Jul to Oct 2018, (d) Oct 2018 to Mar 2019, (e) Mar to Jun 2019, (f) Jun 
to Aug 2019, (g) Aug to Oct 2019, (h) Oct to Dec 2019, (i) Dec 2019 to Jan 2020, (j) Jan to March 2020, (k) March to April 
2020. Changes in elevation presented in metres (red = areas of accretion and blue = areas of erosion). Wave roses for 
each subplot indicate the percentage occurrence of a given Hs (colour scale) in a given Dir for the waves reaching the 
Brisbane Buoy (data available online at https://data.qld.gov.au/) over the survey intervals. A wave rose was also presented 
for the October 2018 (12 to 18 Oct 2018 - c) and Tropical Cyclone Oma (19 to 27 Feb 2019 - d) 1 in 4 year wave events. 
Artificial reef is identified in subplot (f) in the red circle. 

From August 2019 to April 2020 (Figure 4g-k) the 
northern end of the embayment (ETA 34-38) 
generally gains sediment volume in relation to the 
volume distribution of the study period (Figure 3). 
This section of the embayment is generally in a 
healthy (vol.>Q50) state during this period. Based on 
the methodology no management intervention 
would be required at this section of the beach during 
this period. This is supported by the representative 
accretionary morphology in the DEM difference 
plots (Figure 4g-k). 
 

As the sediment volume distribution is more stable 
(Figure 2) in the northern half of the embayment, 
small changes in relative sediment volume in these 
sub-compartments are reflected in the scoring 
methodology (Figure 3). In contrast, for the southern 
half the greater variability in sediment volume allows 
for larger changes in relative sediment volume to 
occur before trigger levels are activated. This 
appears to be a reasonable assumption of the 
methodology as each sub-compartment is only 
scored against its own statistical volume distribution 
for the study period. Therefore, careful 
interpretation of the trigger level results must occur 
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in conjunction with a morphological analysis before 
decision making is to occur. For example, a natural 
beach is expected to recover after a major storm 
event and so a single value for a sub-compartment 
below ‘1’ for the Q25 trigger level may not 
automatically qualify for a management 
intervention. Alternatively, a prolonged period of 
values less than ‘1’ for the Q25 trigger level or a 
spatially widespread low score (e.g. entire 
embayment or half the embayment scoring 
vol.<Q25) would indicate that there is a probable 
need for intervention to be considered. 
 
At this stage the dataset is too short to determine 
whether the artificial reef installed in September 
2019 (Figure 1) [3] has an effect on sediment 
volume in compartments updrift or downdrift of the 
structure (Figure 3). The impacts of a similar 
artificial reef located 13 km north of Palm Beach, on 
a high energy beach at Narrowneck, Gold Coast, 
showed inter-annual to decadal effects on sediment 
volume rather than event or seasonal based 
impacts [20].  
 
5. Conclusion 
High frequency spatial survey allowed a quantitative 
and qualitative analysis of morphological change 
through time for the beach embayment which was 
used to contextualise sediment volume changes 
spatially along the embayment.  
 
The interquartile range (i.e. volume distribution) 
methodology developed for this analysis allowed for 
a spatial-temporal description of beach vulnerability 
or resilience utilising the 25th percentile as the 
trigger level limit for management intervention and 
50th percentile (median) as the lower limit for a 
healthy beach buffer. Each sub-compartment is 
assessed against its own volume distribution and 
this allows for coastal managers to identify sections 
of the embayment (1) at erosion risk, (2) in natural 
flux (i.e. adequate sediment buffer), and (3) in a high 
volume state (i.e. healthy sediment buffer), through 
time. Whilst the trigger level analysis gives an 
indication of the state of the sand volume in any sub-
compartment at any one time it is important to 
contextualise this with the wave climate and both 
short- and long-term morphological changes within 
the system to aid in coastal management 
intervention decision making.  
 
Some key processes captured from the high 
frequency survey and interquartile analysis include: 
(1) the headland bypassing and tidal inlet source of 
sediment to the southern end of the embayment; (2) 
the resulting erosion of the downdrift section of 
embayment adjacent to the Currumbin Headland, 
which may occur during low wave energy periods as 
the northerly sediment transport rate slows while 
input via headland bypassing is reduced; and (3) the 
northern half of the embayment is relatively more 
stable in its sediment volume distribution than the 

southern end. As a result, smaller percentage 
changes in sediment volume in each of the sub-
compartments between ETA 34 and ETA 38 will 
more readily reflect the trigger levels for coastal 
management in comparison to the southern end 
(ETA 29 -34). 
 
During the study period, the trigger level method 
identified two obvious erosive states at sub-
compartments within the embayment, which could 
be considered for management intervention: (1) the 
southern corner (ETA 29-30) between January 
2018 and October 2018; and (2) the historically 
vulnerable sub-compartment ETA 30-34 between 
June 2019 and October 2019. Both of the erosive 
periods are followed by accretionary stages and the 
compartments appeared to recover with only small-
scale upper beach nourishment and natural 
sediment transport. This again highlights the 
importance of understanding the underlying causes 
of the trigger level score, by contextualising the 
results with the observed wave climate and 
morphological change. 
 
Depending on the nature of the sediment volume 
loss (i.e. either upper beach erosion or northerly 
sediment transport along the surf zone bar) different 
intervention strategies may be triggered. Erosion of 
the upper beach may lead to upper beach 
nourishment, beach scraping and if necessary 
emergency sandbagging or shoring up of sand over 
the exposed seawall. Losses to sediment volume in 
the nearshore zone may not require management 
intervention, however they could indicate a reduced 
storm buffer and introduce a ‘wait and watch’ period 
for decision making.  
 
Whilst this dataset is relatively short, ongoing data 
collection of the high spatial resolution and temporal 
frequency survey will allow for the statistical 
approach to improve as the monitoring program 
captures sediment volume and morphological 
change at a range of timescales and includes large 
perturbation events. It is suggested that this 
methodology may be trialled elsewhere and may be 
replicated for cross-sectional profile volume and 
beach width. 
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Abstract 
Scale modelling can be used as a design tool to determine the minimum requisite armour mass and/or the 
minimum requisite crest level for acceptable overtopping of breakwaters and revetments. Although built to a 
nominal length scale, a basin model can be operated progressively over larger and smaller length scales by 
changing the water level in the model while assigning it to the design or another water level. By increasing the 
model’s water level, the model scale becomes larger, the prototype armour mass represented by the model 
armour units becomes smaller and, hence, the units can be made to fail under the design water level. Knowing 
the model scale at the failure point optimises the requisite minimum armour mass. Similarly, revetment crest 
levels become lower as the scale becomes larger, allowing testing to achieve minimum design levels for 
allowable overtopping. This paper demonstrates an application of a ‘Flexible-Scale Basin Model’ used as a 
design tool for optimising armour mass and crest levels for breakwaters and revetments. This method 
obviates the need to reconstruct a model to change armour units or crest levels, as is the case normally. 
 
 
Keywords: basin scale model, design optimisation. 
 
1. Introduction 
Primarily, scale modelling of rubble-mound 
structures is undertaken to evaluate armour layers 
under the severe wave conditions anticipated in 
the prototype [5, p192]. Typically, designs are 
tested to failure or up to 120% of the design wave 
height [5, p197], which is a factor of safety 
approach. Models can be used to modify and 
optimise the design based on model performance, 
such as by changing armour mass or type, adding 
a wave deflector or adjusting the crest level. 
 
Rather than simply verifying a desk top design, 
which is likely to be over-designed, scale 
modelling can be used as a structural design tool 
to determine the minimum requisite armour mass 
and/or the minimum requisite crest level of the 
structure. A model can be run progressively over 
larger and smaller scales by changing the water 
level in the model while assigning it to the design 
or other water level. By increasing the water level, 
the model scale becomes larger, the armour mass 
represented by the same model armour units 
becomes smaller and, hence, the units can be 
made to fail under the design water level. Knowing 
the model scale at the failure point optimises the 
requisite minimum armour mass. Similarly, 
revetment crest levels become lower as the scale 
becomes larger, allowing testing to achieve 
minimum design levels for allowable overtopping.  
 
The concept has been demonstrated with 2-D 
flume modelling for various prototype conditions 
using one set of armour units, which is done by 

changing the length scale and altering the model 
water depth and wave conditions accordingly [5, 
p192]. However, using this approach as a design 
tool with basin modelling is novel in that only one 
particular prototype condition, the design 
condition, needs to be modelled; the water depth 
is varied to change the length scale and, hence, 
the armour mass and revetment crest level. With 
3-D basin testing some complications regarding 
wave transformation and scaling may arise. 
 
2. Methodology 
2.1 Example Project 
An example project comprises the refurbishment 
of a caisson-type breakwater, extending some 
200 m offshore from a seabed level of 
around -4 m CD to a level of around -6 m CD, and 
a revetment protecting a reclamation extending to 
a seabed level of -3 m CD. The structures are 
exposed frequently to ocean swell. A plan and 
typical sections are presented in Figures 1 to 3. 

 

Figure 1   Plan of breakwater refurbishment and 
reclamation revetment at Eastland Port, Gisborne, NZ.  
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Figure 2   Concept design cross-section through the 
proposed breakwater refurbishment. The caisson 
structure is to be raised and protected by random-placed 
concrete armour units. The low crest level (4 m CD) 
results in frequent overtopping.  

 

Figure 3   Concept design cross-section for the 
revetment protecting a log yard reclamation at 
RL 4 m CD. The crest level is protected by a road 
pavement and is designed for acceptable overtopping. 
Armour is random placed at a slope of 1:1.5. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Design Wave Conditions 
Revetments and breakwaters in shallow water are 
designed for the breaking waves that are 
sustainable in the prevailing design water depth, 
which is determined by the seabed and storm tide 
levels at a plunge distance of around one half of 
the shallow water wavelength in front of the 
structure [8, p 7-4]. The water depth, seabed slope 
and wave period determine the incident breaking 
wave conditions that would be experienced on the 
structure [3, p 81], which are limiting conditions. 
 
For a design water level of 3.1 m CD, comprising 
a high tide level, storm surge and an allowance for 
sea level rise, the breakwater head has a design 
water depth of 10 m, the trunk 8 m to 9 m and the 
revetment 7 m. 
 
On a 1:50 seabed slope, linear wave theory 
determined the design breaking wave heights for 
12 s swells to be 8.2 m for the head, 7.4 m and 
6.6 m for the trunk and 5.8 m for the revetment. 
 
2.3 Design Scale Model  
The scale model layout is presented in Figure 4. 
Commonly, a basin model of a rubble mound 
breakwater, jetty or revetment would be 
constructed at a length scale of around 1:40 to 
1:50 [5, p192]. For the ‘Flexible-Scale Model’ 
Method, the model was constructed to a natural 
scale of 1:45 but operated progressively with 
natural scales varying from around 1:60 to 1:40.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Random Placed Concrete Armour Units 

Random Placed Concrete Armour  

  
 
  Figure 4   Model layout for testing breakwater (left) and revetment (right).  
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A Coreloc/Xbloc type armour unit was adopted for 
the project. Concept design calculations using the 
Hudson formula [8, p7-207] with published values 
for KD [6] indicated that the requisite mass for the 
head would be 34 t and 20 t for the trunk. At a 
scale of 1:60, the masses for the model units were 
calculated to be 150 g and 75 g (respectively) [7].  
 
The water level was increased in small increments 
for the model to reach a scale of around 1:40. In 
so doing, the model scale varied over the domain, 
depending upon the water depth at which waves 
were breaking onto the structures, as shown in 
Figure 5.  
 

 

Figure 5   Variations in model scales with changes to the 
level of the Design Water Level in the model.   
 

As the model scales became larger, the armour 
mass for the head and trunk reduced 
progressively, as shown in Figure 6.  
 

 

Figure 6   Variations in modelled prototype armour mass 
with changes to the model’s level of the Design Water 
Level.   
 

Changes to the model’s level of the Design Water 
Level led to changes in the reduced levels of the 
revetment crest (Figure 7), allowing assessment of 
overtopping at various levels without having to 
reconstruct the model. 

 

Figure 7   Variation in the reduced level of the revetment 
crest with changes to the model’s level of the Design 
Water Level. 

2.4 Testing Methodology 
2.4.1 Stability 
Testing was undertaken for water levels ranging 
from 10 mm CD to 49 mm CD (model units) which 
were interpreted at scales from 1:45 to 1:60 for the 
head and 1:30 to 1:66 for the trunk. The wave 
amplitudes and periods were adjusted to induce 
wave breaking onto the structures. Each stability 
test was run for around 3,000 waves.  
 
Results from several investigators have defined 
moderate damage for concrete units as > 3%, major 
damage > 5% and, for Dolos concrete units under 
breaking waves, start of damage as 2% [9, 
paragraphs 56 – 68]. The acceptable damage level 
adopted herein for the ultimate design condition was 
defined as initial damage where a few units only are 
displaced, whereby the value for acceptable 
damage of 2% was adopted. Damage was 
assessed by comparing before/after photographs.  
 
2.4.2 Overtopping 
Overtopping was measured at two locations on the 
revetment, at RL 167 mm CD (RL 7.5 m CD for 
1:45 scale) and at RL 189 mm CD (RL 8.5 m CD 
for 1:45 scale). Overtopping tests were run with 
five water levels, each assigned to the design 
water level and interpreted at scales from 1:40 to 
1:50. Each test comprised the average of two runs 
of around 300 waves. The maximum variation of 
any two runs was less than ±12%.  
 
3. Results 
Tables comprising the test and interpreted 
prototype data are appended. Model scales were 
determined from the prototype water level 
assigned to the model water level at the relevant 
depth of wave breaking on each structure and the 
prototype armour mass and the maximum wave 
height for each assignment were calculated. 
 
3.1 Design Wave Height 
The maximum wave heights measured in the 
model agreed well with the breaking wave heights 
adopted for the desk-top concept designs for each 
part of the structure. Generally, they were around 
80% of the water depth, which agreed well with 
linear wave theory upon which the concept design 
was based. 
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3.2 Breakwater Armour Stability 
Armour mass was plotted against wave height and 
the Hudson equation representing 2% damage 
was interpolated by varying KD. The results are 
presented in Figures 8 and 9 for the breakwater 
head and trunk (respectively). 

  

Figure 8   Relationship between interpreted prototype 
armour mass and wave height for the breakwater head. 
For the maximum modelled wave height of 8.3 m at the 
design water level, the requisite armour mass was 25.3 t.  

 

Figure 9   Relationship between interpreted prototype 
armour mass and wave height for the breakwater trunk. 
For the maximum modelled wave height of 7.0 m at the 
design water level, the requisite armour mass was 15.1 t.  

3.3 Revetment Overtopping 
The interpreted prototype values for the 
overtopping tests are in Figure 10 and requisite 
revetment crest levels for various design 
conditions derived from Figure 10 are in Table 1. 

 

Figure 10   Relationship between interpreted prototype 
revetment crest level and overtopping discharge. The 
results agreed well with ACES [10]. 

Table 1   Requisite revetment crest levels derived from 
Figure 12 for various design conditions derived from the 
Coastal Engineering Manual [11, Table VI-5-6]  

Design 
Condition 

Discharge 
Crest 
Level 

(m3/s-m) (L/s-m) (m CD) 

Unsafe for  
Driving 

1E-4 0.1 9.3 

Dangerous for 
Pedestrians 

1E-3 1.0 7.7 

Damage for an 
unprotected 

crest 
2E-3 2.0 7.3 

Damage for an 
unprotected 
back slope 

2E-2 20 6.0 

Damage if 
Fully Protected 

5E-2 50 5.6 

 

4. Discussion 
4.1 Test Duration 
Flume testing under regular waves has found that 
for rock under particular wave conditions damage 
does not stabilise until the structure has been 
subjected to some 2,000 or more waves and, for 
more strongly interlocking concrete units such as 
Tribars and Dolos, stabilisation of damage does 
not occur before some 4,000 or more waves [4, 2]. 
Test durations of up to 5,000 random waves are 
recommended [5, p198]. For each test undertaken 
herein the duration was some 3,000 random 
waves, which may not have been enough to reach 
stabilisation of damage, particularly as regular 
waves are likely to be more damaging than 
random waves. 
 
4.2 Hudson Stability Coefficient KD 
The most critical design parameters for determining 
armour mass using the Hudson equation are the 
breaking height of the incident wave, the slope of 
the armour face, the density and the dimensionless 
stability coefficient, KD, of the armour unit. Other 
variables determining the value of KD include 
[8, p 207-208]: 

• Shape and degree of interlocking of the 
armour units 

• Number of armour unit layers 

• Manner of placing armour units 

• Part of structure (trunk or head) 

• Angle of incidence of wave attack 

• Type of wave attacking the structure 

• Distance below still-water level that the armour 
units extend down the face slope 

• Size and porosity of underlayer material 

• Crest type (concrete cap or armour units) 

• Crest elevation above still-water level relative 
to wave height 

• Crest width. 
 
Further, however, flume testing under regular 
waves has found that KD depends also on the 
damage level thus [4, 2]: 
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 KD = aDn  (1) 
 
with the coefficients, a, and exponents, n, for rock, 
Tribars and Dolos in Table 2. 

Table 2   Coefficients and exponents of the damage 
function (Eqn. 1) for rock, Tribars and Dolos on trunks 
and revetments [4, 2]. 

Armour Type a n 

2 layers random rock 1.2 0.51 

1 layer uniform Tribars 5.9 0.40 

2 layers random Dolos 15.0 0.34 

 
Based on further numerous tests performed for 
non-breaking waves and fewer test results for 
plunging waves, additional data for, inter alia, rock 
and Dolos, published in 1984 [8 Table 7-9 p7-210 
to 211], informed the results presented in Table 3, 
which agreed closely with those in Table 2. 

Table 3   Coefficients and exponents of the damage 
function (Eqn. 1) for rock and Dolos on trunks and 
revetments as derived from data in the Shore Protection 
Manual [8 Table 7-9 p7-211]. 

Armour Type a n 

2 layers random rock 0.7 0.59 

2 layers random Dolos 10.2 0.30 

 
These results provide no safety factor. The values 
allow some rocking of concrete armour units, 
presenting the risk of breakage, particularly for 
Dolos. The KD for Dolos may be reduced by 50% 
to protect against breakage but deviation to less 
conservative values is not recommended without 
supporting model test results [8 p7-210]. 
 
Data derived for the Xbloc on the breakwater head 
and trunk are presented in Figure 11, which 
portrays little data and significant scatter, 
indicating that more testing is required. A result 
herein close to Dolos (Table 2) was expected. 
That the results for the trunk and head differed 
highlighted that KD and, hence, damage D depend 
on a large range of site-specific variables. 

  

Figure 11   The Hudson stability coefficient, KD, versus 
Damage (%) for the breakwater head and trunk. 

The value of KD = 16, derived for 2% damage on 
the breakwater head, was higher than published 
results, being 13 [6]. That a lower mass was 
required for the head may have resulted from the 
large degree of wave overtopping that was 
occurring, with much of the wave energy passing 
over the structure. On the other hand, the value of 
KD = 12, derived for 2% damage on the 
breakwater trunk, was lower than published 
results, being 16 [6]. It was noted that some wave 
incidence along the trunk resembled a Mach stem 
effect, which may have reduced unit stability. 
 
4.3 Revetment Overtopping 
Figure 12 shows that the overtopping data and 
results from ACES [10] plotted within the broad 
scatter of laboratory data presented in Eurotop 
Figure 6.7 [1]. 

 

Figure 12   Overtopping data and results from ACES 
[10] plotted onto Figure 6.7 of the Eurotop Manual [1].  

The large range of relative freeboard derived from 
the model testing presented herein was obtained 
without having to alter the crest level of the model 
revetment. 
 
4.4 Wave Transformation 
Operating a basin model at scales other than the 
built scale has raised questions regarding the 
similitude of wave transformation. As the vertical 
scale varies over the model, depending on water 
depth, wave refraction may become distorted. 
However, this is not significant over gently varying 
bathymetry or for small variations over a 
wavelength. Further, as the model is operated at a 
natural scale, wave refraction and shoaling are not 
distorted. Wavelength is controlled by the wave 
generator, which can control diffraction, if 
warranted. Finally, the optimisation point is likely 
to be close to the built scale. 
 
5. Conclusions 
A basin model of a breakwater and a revetment, 
built to a specific scale and subjected to breaking 
waves, has been operated over a large range of 
scales to allow optimisation of the armour mass 
and revetment crest level.  
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As the scale was increased, the prototype mass 
represented by the model units decreased and a 
failure point was reached. Further, as the scale 
was increased the revetment crest level 
decreased until unacceptable overtopping was 
measured.  
 
Further insights into the relationship between 
Hudson’s stability coefficient and armour damage 
has been derived from the testing, including the 
site-specific dependency of KD, reinforcing the 
British Standard code requirement for safety 
factors when using only text-book designs. More 
testing of this outcome is recommended.  
 
This Flexible-Scale Basin Modelling approach has 
led to optimising the design, reducing the requisite 
mass for the armour units and lowering the crest 
level of the revetment, which would result in a 
reduction in the capital cost of the works.  
 
Flexible-Scale Basin Modelling achieved results 
with one set of model armour units and without the 
requirement to reconstruct the revetment to test 
various crest levels for overtopping.  
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8. Appendix - Test Data and Interpreted 
Prototype Data 

Table 4   Test data and interpreted prototype values for 
the breakwater head armour 

 

Table 5   Test data and interpreted prototype values for 
the breakwater trunk armour 

 

Table 6   Test data and interpreted prototype values for 
the revetment overtopping Tray 1 

 

Table 7   Test data and interpreted prototype values for 
the revetment overtopping Tray 2 
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Abstract 
Ocean High Frequency (HF) radar technology is established technology that measures ocean surface currents, 
waves and wind parameters of the coastal ocean up to 200 km offshore. Many hundreds of radar facilities exist 
globally. Despite this there have been no deployments in New Zealand to date. The ocean conditions around 
the New Zealand coast provide opportunities for discovery science. Beyond this there are potential applications 
associated with human activity such as (i) renewable energy, (ii) disaster response, (iii) transport and (iv) 
tsunami detection. We examine regional issues and ways that this technology could integrate with data 
assimilating forecast models and with a wider ocean observatory network. We also identify key lessons learned 
in the deployments of the HF Radar node in the Australian Integrated Marine Observing System and ways we 
might connect with this infrastructure. A key point is this research infrastructure can perform a varied array of 
tasks but not always at the same time or with the same configuration. With the maturity of this technology there 
is a trend towards deploying HF radars for real-time operational purposes and to archive the data for associated 
research. Installations in New Zealand would benefit from a dual approach like this. 
 
Keywords: HF Radar, Renewable energy, Environmental impacts, Blue Economy, Port Management 
 
1. Introduction 
Over the last 50 years the technology of HF ocean 
radar has developed from a scientific oddity, 
discovered as a serendipitous side effect on an 
ionospheric sounder at Godley Head, Christchurch, 
New Zealand [4], to a reliable operational tool with 
over 400 stations currently operating world-wide 
[21]. Most deployments of HF radars are for 
measuring surface currents in coastal oceans, but 
some systems have the capability of routinely 
observing wave heights and wind directions, and 
deployments for tsunami warning have recently 
been made [6], [7].  In many cases, data are being 
archived in freely accessible depositories under the 
Global Ocean Observing System (GOOS), normally 
as hourly vectors (for surface currents) on a 
rectangular grid.  The Australian Integrated Marine 
Observing System (IMOS) includes the Australian 
Coastal Ocean Radar (ACORN) facility and 
routinely (24/7) archives data into the available 
archive [11]. A good discussion on archival and 
preservation of data and data dissemination is given 
by [21]. 
 
2. HF Radar Principles 
HF ocean radars are almost exclusively land-based 
and receive radar echoes from the rough sea 
surface [2]. There is no radar component in the 
water.  When a radio beam is directed into a 
randomly rough 3D medium, there are echoes from 
a broad range of scales at around half the radio 
wavelength. For radio waves directed to the sea, the 
echoes are refined because the roughness of the 
sea is due to surface gravity waves propagating in 
all directions and with a continuum of wavelengths. 
There is a resonance, similar to the Bragg 
reflections in X-ray crystallography, in the 

interaction between a radio wave of wavelength 2λ 
and the sea waves of wavelength λ that are 
propagating in the same (or exactly opposite) 
direction as the incident radio wave. The echo 
spectrum looks like that in Figure 1, with two 
significant first-order peaks at frequencies that 
correspond to Doppler shifts imposed by the sea 
waves. The Doppler shifts of the first-order peaks in 
Figure 1 are given by: 
 

∆𝑓 =  ±√
𝑔

2𝜋𝜆
−  

2𝑣

𝜆
,             (1) 

 
where λ is the Bragg sea wave wavelength, g is 
gravitational acceleration, and v  is the component 
of the surface current in the radial direction.  The 
first term in Equation 1 represents the Doppler shifts 
due to the two Bragg waves propagating radially 
away from and towards the radar. This term is 
accurately determined by the operating wavelength 
of the radar (2λ) and the dispersion equation for a 
deep-water gravity wave: 

 

𝑐 =  √𝑔𝜆 2𝜋⁄   ,             (2) 

 
leaving a simple relationship between the velocity 
component and the measured Doppler shift in the 
second term in Equation (1). It is the clearly defined 
features in the echo spectra that make HF radar a 
powerful and accurate oceanographic tool. All the 
ocean parameter measurements made by HF 
radars are derived from echo spectra illustrated in 
Figure 1. The surface current component in the look 
direction of the radar is derived from the small 
frequency difference between the dominant peaks 
and the vertical dashed lines that correspond to the 
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first term in Equation (1). The wind direction is 
derived from the ratio of energy in the two dominant 
peaks, and the significant wave height is obtained 
from the second-order energy above the noise floor 
at about -50db in Figure 1. 
 

 
 

Figure 1  Typical echo spectrum from a WERA HF radar 
in Tofino, British Columbia. The two dominant narrow 
peaks are the first-order lines and the other energy above 
the noise floor at -50 db is from second-order scatter. The 
surface current component in the radar look direction, the 
wind direction and the significant wave height are derived 
from spectra like this. 

 
Because a single radar station provides radial 
components of surface current it is necessary to 
have at least two stations overlooking the ocean 
from different directions to produce the full 2D 
vectors over a target area.  
 
2.1     HF Radar Capabilities 
There are two genres of HF radars which give a 
diversity in capabilities. All HF radars can produce 
surface current vectors on a rectangular grid and 
the normal practice of archiving for general 
circulation applications is hourly values. HF radars 
are unaffected by tidally exposed sand bars and 
mildly affected by low islands or sand keys; there is 
a shadow behind islands and headlands. The 
phased array type with FMCW modulation (WERA 
brand [8]) in the Australian ACORN network takes 
10-minute sampled time series to produce spectra 
like that in Figure 1. (for archiving, these are 
averaged over an hour). The spatial averaging is 
determined by the available radio bandwidth and 
the size of the antenna array. For a 16-element 
array at half-wavelength spacing, the width of the 
beam is 6.56o at 3 db in the direction perpendicular 
to the baseline (broader away from perpendicular). 
The direction-finding type with FMICW modulation 
(SeaSonde brand [15]) in the Australian ACORN 
network takes 20-minute sampled time-series and 
produces spectra with broadened first-order peaks 
which are processed to get surface current 
components on a polar plot. A 3-hour running mean 

is used to reduce noise and data are issued at 
hourly intervals.  Typical values for the standard 
error in the azimuth estimate (before averaging) are 
up to 18o ([17], [16], [10], [1]). In ACORN, these 
points are averaged over a circle of 10 km radius to 
get radial components on a rectangular grid. Roarty 
et al. [21] discuss some limitations imposed by the 
Australian Communications Management Authority 
(ACMA) in frequency band regulation after some 
radars with interrupted frequency modulation 
(FMICW) interfered with neighbouring frequency 
bands.  
 
For applications where a finer time and/or spatial 
resolution is required, various trade-offs can be 
made.  A general guide is that the direction-finding 
radar types have a smaller antenna footprint and 
operate at lower radio frequency bands to attain the 
same ranges as the phased-array types.  The 
phased-array radars occupy more space at the 
stations but require less spatial and temporal 
averaging than the direction-finding systems, to 
achieve similar precision and accuracy outcomes. 
 
Early deployments of HF radars were generally for 
research in coastal circulation including western 
boundary currents and associated eddies, and tidal 
effects in estuaries and bays [5]. Long time-scale 
features can be addressed by the archived hourly 
values but features shorter than tidal-scale need 
time resolution better than about 3 hours. More 
recently there have been deployments for routine 
management of ports and coastal engineering, and 
operational hazard warnings for excessive wave 
heights, tsunamis near to the coast, storm surges 
[26] and rip currents on beaches [13]. 
 
An example of a deployment for operational port 
management is the WERA HF radar at the entrance 
to the Port of Rotterdam shown in Figure 2. The HF 
radar was installed to cover the outer harbour of the 
Port of Rotterdam to replace in situ instruments to 
assimilate data into a 3D hydrodynamic model that 
provides short-term forecasts of currents for 
navigation safety and the operational management 
of the port [22]. The yellow dashed line in Figure 
2(a) highlights some of the lines of shear in the 2D 
surface current map. Convergence analysis on the 
2D vector field shows areas of upwelling and 
downwelling that are of interest to fisheries and 
pollution management. The surface current maps 
shown in Figure 2 are updated every 15 minutes 
and are delivered into the integrated monitoring 
system in real time. One of the challenges for an 
operational system is to attain high reliability over 
the spatial domain as well as continuity in the 24/7 
regime. Data reporting regions shown as A and B in 
Figure 2(b) have higher requirements for data return 
than the total area because they are more critical for 
port operations.  For the first five years of operation 
(2016-2020), the average return on the vector 
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currents in Region A was 98.85%. The latency time 
between the end of sampling and delivery of data to 
the central system averaged 5.25 minutes. The 
most likely cause of downtime for the WERA radars 
is the loss of power supply, communication, and 
other environmental impacts. There is a need for 
rapid response to maintenance alerts issued by the 
system to achieve the high data returns at the radar 
sites. 
 
3. Potential HF Radar Applications in NZ  
Globally, there is a gradual shift in HF radar towards 
operational deployments rather than research-
driven installations. This has been the Australian 
ACORN experience with the first 12 stations being 
funded through the federally funded IMOS and 
established for coastal ocean research. As ACORN 
has matured, later installations have increasingly 
depended on industry funding for specific 
operational outcomes and associated applied or 
discovery research is a secondary usage. 
 

 
                                (a) 

 
                                (b) 

Figure 2   Surface current maps from the WERA HF radar 
system at The Port of Rotterdam at times when the river 
is flowing: (a) North-East alongshore current where the 
dashed line marks shears in the flow (1 in 5 grid points 
shown); (b) South-West alongshore current where the 
pink outlines indicate regions for reporting data return 
statistics (1 in 2 grid points shown). The detail of the river 
plume demonstrates the capability of the radar system.  

 
For example, the initial deployments in Western 
Australia were around the Perth Canyon, which is a 
deep canyon with high biodiversity, cut into the 
continental shelf by the ancient Swan River. Recent 
deployments by ACORN in WA have been on the 
North-West Shelf in partnership with oil and gas 
industries as a monitoring tool for the Ningaloo Reef 
world heritage area. 
 
The approach recommended for new installations in 
New Zealand is to identify operational applications 
and then seek to optimize the deployments to meet 
research challenges. The example of the installation 
at the Port of Rotterdam illustrates the integration of 
HF radar into routine port operations, but there are 
other non-routine benefits. With fine spatial 
mapping at relatively short timesteps, it has been 
shown that WERA HF radar surface current data 
can follow Lagrangian tracks of water parcels [18]. 
This is a powerful tool for Search-and-Rescue 
operations as well as research into larval transport 
and pollution movement. Proof of concept analyses 
have been carried out on HF radar data taken in 
California [14] and Chile [6] from the tsunami 
generated by the Tohuko earthquake on 11 March 
2011. These radar systems were optimised for 
measuring currents for coastal dynamics research.  
In the intervening years the technology has been 
developed into a reliable tool to detect tsunamis in 
shallow water within about 150km of the coast.  As 
a tsunami warning technology, HF radars are useful 
as confirmation when the tsunami is generated by a 
hard-rock mega-thrust earthquake and are 
indispensable when the tsunami generation is non-
seismic from submarine landslides or coastal 
collapse. Several key locations have adopted HF 
radar as a monitor for tsunamis approaching the 
coast on the continental shelf [6]. The tsunami alert 
software can run in the background for any WERA 
HF radar deployment when the primary purpose is 
for surface currents and wave heights for Port 
operations.  
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3.1 Cook Strait 
Cook Strait is renowned for highly variable and 
hazardous waves and currents, yet it sustains a 
substantial marine transport corridor, is crossed by 
significant electricity infrastructure, and has great 
cultural value [24]. Figure 3 indicates the typical 
track of the inter-island ferries from Wellington to 
Picton. The critical points on this track are the 
entrances around Arapawa Island and to the Port of 
Wellington. 
 
Even though many points on the surrounding coasts 
are remote, it is possible to configure HF radars to 
provide currents and significant wave heights on a 
grid over the area. This would serve as an aid to 
navigation of all shipping, operational management 
for ferries and for the management of the Port of 
Wellington. The Cook Strait is also an area of 
interest for research to validate modelling that has 
been done to understand current and wave 
regimes, e.g. [12]. The support for maritime 
emergencies is a critical application in the waters of 
Cook Strait. 
 
3.2 Ports and Harbours Infrastructure 
The shallow entrance to the Port of Tauranga 
(Figure 4) results in an unusual requirement of 
mandatory closure on parts of the tidal cycle and an 
exposed East Coast approach. The experience in 
Europe is that real-time operational monitoring of 
offshore currents provides an increased level of 
safety for vessels entering and leaving a restricted 
waterway in open water situations.  
 
 

 
Figure 3   Cook Strait showing the track of the inter-island 
ferries. The red circles indicate the critical areas where 
real-time wave height and current data are needed for 
navigation. 

 
Similarly, there are two operationally critical areas 
for The Port of Auckland which are the Rangitoto 
Channel and the north end of the Hauraki Gulf, and 
the approaches in the open water off Takapuna. 
Real-time current mapping here would not only 
improve efficiency and safety for shipping, but also 
would boost search-and-rescue operations in the 
country’s most popular recreational waterways.  
 

3.3 Maritime Disaster Response 
The Investigation Report [19] on the MV Rena 
incident describes an underestimation of currents in 
the approach to the Port of Tauranga on 4 October 
2011:  
 

‘The (master’s) calculation did not account for the 
unfavourable currents that normally prevailed down 
that stretch of coastline.  After departure from 
Napier the master learned from notes on the chart 
of the unfavourable currents. He then authorised the 
watchkeepers to deviate from the planned course 
lines on the chart to shorten the distance, and to 
search for the least unfavourable currents.’ 
 

It is the warning of unfavourable or anomalous 
currents that modelling is unlikely to forecast, but 
which HF radars will detect routinely. In the 
aftermath of an accident like this, the high resolution 
of HF radar mapping in time and space is a strong 
component of the search for lost containers and 
other debris. It would certainly aid in modelling oil 
and debris trajectories ([25], [18]). 
 

 

 
Figure 4   Approaches to The Port of Tauranga. The white 
ellipse indicates the area of approaches to the port, and 
the green ellipse includes Motiti Island and Astrolabe Reef 
to its north.  

 

3.4 Aquaculture 
 
Presently, New Zealand’s ocean-based aquaculture 
is confined to bays and sounds to shelter 
infrastructure from wave impacts. Green lipped 
mussels are the dominant economic species ahead 
of Pacific Oyster, and wild scallop beds are being 
enhanced in Hawke Bay and the Bay of Plenty as a 
commercial proposition.  In addition, caged fish 
developments are found in the Marlborough Sounds 
and Stewart Island. 
 
As these developments start to expand into offshore 
locations [9] the application of HF radar in 
aquaculture would provide monitoring of local 
currents over a wide area. The flushing of 
aquaculture sites is a key aspect of disease control, 
and as aquaculture farms become more abundant 
the monitoring of currents becomes more important.  
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More importantly for New Zealand, where we have 
a low density of aquaculture farms, is the monitoring 
of externally derived turbidity impacting the 
aquaculture operations. An example of this was the 
evaluation of sediment plumes from the Lyttelton 
Harbour expansion and maintenance dredging in 
the environment of the green lipped mussel farms 
north of the Banks Peninsula [26]. 
 

3.5 Marine Energy 
Marine energy remains under-explored in New 
Zealand. However, changing government-imposed 
climate commitments may see this change in the 
future. Wave energy has been assessed nationally 
[3]. Tidal energy is more regionally focused. For 
example, the Cook Strait has been assessed in 
terms of a tidal turbine array configuration [27]. 
Energy applications operate on short-term (30 
minute) forecasts of supply and so an HF Radar 
installation to aid in these forecasts would have both 
operational and economic advantages [24]. 
 

3.6 Tsunami Warning 
Warnings of tsunamigenic earthquakes come from 
the seismic signals which, coupled with modelling of 
tsunami propagation, are used to give operational 
forecasts of landfall at distant coastal sites. 
Landslide tsunamis and meteotsunamis are more of 
a challenge because the early seismic signals are 
weak or absent. HF radars are being used to give 
warnings when tsunamis approach, or are 
generated, within about a hundred kilometres of the 
coast [6].  
 
4. Conclusion 
HF radar is a mature technology with installations 
increasingly being made for commercial or multi-
purpose applications. For real-time tasks, data are 
sent directly to the client’s computer system.  
Research and other offline applications need well-
curated data archives and there is potential to 
stream data into global archives through the 
Australian IMOS system. 
 
At the same time as the technology is advancing, 
there have been growing calls in New Zealand for 
improved environmental monitoring. Ideas 
advanced as to how a range of technologies could 
combine to build stakeholder-focused ocean 
observatories for both science and applied 
demands [20]. 
  
The key to planning any HF radar installation is to 
maximise its value by configuring it to serve multiple 
purposes, including real-time data for operations, 
data archiving for research projects and for 
recording intermittent events like tsunamis and 
storm surges. An example of this potential is in the 
Bay of Plenty where an installation could be 
configured to deliver real-time currents outside the 
Port of Tauranga for operational and emergency 

services, provide current monitoring for aquaculture 
farms off Opotiki, deliver warnings for events like 
tsunamis originating at White Island, and enhance 
warnings for storm surges.    
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Abstract 
Nowadays, the drive towards green field port development is accompanied by a general trend towards 
sustainable development. The location of a port is critical for its long-term success. However, port-related 
literature, until the publication of a recent PIANC report, offered limited guidance over a sustainable site 
selection process. A method for sustainable site selection of deep-sea ports is urgently required as most 
countries worldwide expand their port capacity. This paper presents a methodology for site selection of deep-
sea ports based on sustainable design principles such as building with nature and ecosystem-based 
management, while taking into account stakeholder needs and values. It further applies the proposed 
methodology to a case study. Myanmar is a country in Southeast Asia requiring expansion of maritime 
infrastructure and six ports are being planned. The lessons learnt from the case study are used to further refine 
the proposed framework. The paper concludes that integrating perspectives of engineering, ecology, economy 
and governance in the site selection process can create added value for the port and the surroundings, thereby 
providing the port the license to grow. This research contributes to the advancement of port development by 
providing a practical, validated, and tested method for sustainable site selection, thus supporting broader 
sustainability goals. 
 
Keywords: port site selection, sustainable ports, port planning 
 
1. Background 
Ocean shipping is the most important mode of 
transport for international merchandise trade and 
seaports are essential nodes supporting maritime 
and hinterland connectivity. Currently, ports around 
the world are looking for ways to accommodate 
increased waterborne transport using larger vessels 
while coping with demands and constraints imposed 
by the new technology, energy transition and 
climate change. Site selection of new port projects 
has become an important issue since the location of 
a port is critical for its development and long-term 
success and growth. 
 
Site selection of a port can be defined as the 
process of allocating a specific site or location for 
port development. In practice, it is often a political 
decision, but ideally it should be based on technical, 
economic, and sustainability considerations. A site 
selection process that is technically, commercially, 
and sustainably sound will not only increase support 
for future projects, but also increase the chances of 
obtaining funding from development agencies. Until 
recently, no detailed attention was paid to a site 
selection methodology in literature. 
 
This paper presents a systematic and integrated 
framework for the site selection of a deep seaport 
incorporating sustainability considerations for 
developing countries. This is based on a framework 
developed recently as a part of an MSc study and 
subsequently applied to areal-life case study in 
Myanmar. The lessons learnt from the case study 
were used to further refine the framework. 
Interested readers can refer to the complete thesis 

[1] for details of the study and a comprehensive list 
of associated references. 
 
2. Approach to port site selection  
This section describes the traditional approach for 
site selection and discusses the new paradigms that 
contribute towards a more sustainable approach. 
 
2.1 Traditional approach 
Many factors influence the location of the port. In 
port-related text books and guidelines, site selection 
is seen as the process of allocating a specific site or 
location for port development, through first 
identifying potential sites, evaluating these sites by 
balancing the selected criteria, and thereafter, 
making a selection to meet (pre-)defined 
requirements. Though many sources mention site 
selection criteria, a uniform framework to guide the 
process is missing. Therefore, many port 
consultants have laid down their own procedures, 
which draw upon practical experience and insights.  
It was only recently, at the time of rounding off the 
research presented in this paper, that PIANC 
guidelines [2] elaborating on the process of site 
selection of ports have been published. This was 
very opportune and allowed us to validate our 
framework. 
 
2.2 New paradigms  
Sustainability considerations have become 
essential in all aspects of life, and innovative 
sustainable design principles such as building with 
nature, ecosystem-based management, and co-
designing with stakeholders to take their needs and 
values into account are being embraced in large 
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infrastructure projects. Some relevant concepts are 
described here briefly and incorporated (see Figure 
1) in the framework in Section 3. The essence of the 
framework is to show which processes, methods 
and considerations play a role in site selection. 
 
Site Selection Theory: [3] describes four 
fundamental types of location theories, one of which 
is the site selection theory that analyses the reasons 
for the selection of a specific site. During 
progression of the selection process, the number of 
sites reduces while the amount of available 
information about the sites increases.  
 
Ecosystem-based management (EBM):  Ecosystem 
services are the benefits that people derive from 

ecosystem are at the heart of EBM. EBM is aimed 
at conserving and sustaining ecosystem services to 
benefit current and future human generations [4].  
 
Stakeholder-inclusive approach: Integrating 
engineering, ecology, economy and governance 
requires early and transparent stakeholder 
engagement for an open dialogue, accountability 
and collaboration [5]. Identifying a broad range of 
stakeholders and organization of multi-stakeholder 
workshops in order to understand the local situation 
and drivers of port development and the potential 
benefits and dis-benefits to the society is essential 
in a stakeholder-inclusive approach. 
 
These guiding principles have been incorporated in 
creating a framework for sustainable site selection 
in developing countries. An initial framework was 

developed for basic understanding of the site 
selection process, and further refined after carrying 
a comprehensive case study in Myanmar.  
 
Furthermore, in 2017, the first results of the PIANC 
Working Group 185 ‘Guidelines for site selection 
and development of greenfield port developments’ 
[2] became publicly available. The steps in their site 
selection process were similar to the steps in the 
framework described in this paper: identification of 
needs and values for the port, spatial needs and 
identification of possible sites, selection of 
appropriate evaluation method (similar to [3]) for site 
selection. 
 
3. Site Selection Process 

 
The site selection process consists of the following 
four phases: 
1. Project Initiation; 
2. Requirements study; 
3. Site identification, evaluation and ranking, and 
4. Development of conceptual lay-outs. 
 
Based on literature and findings from the case 
study, a framework for sustainable site selection is 
presented here. The core of the framework is phase 
three (see Figure 2), which concerns the actual port 
site selection. This phase uses a two-stage (1. 
filtering of a long list and 2. evaluation of a short list) 
selection process with the following steps: 
  

 
Figure 1 Guiding sustainability principles (Source: [1]) presenting the integration of ecosystem-based 

management and a stakeholder-inclusive approach in the site selection framework 

 
Figure 2   Site Selection Framework (Source: [1]) – Stage 3 Site identification, evaluation & ranking. Reference is 

made to [1] for the full site selection framework. 
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• Identification and longlisting of potential sites 

(both greenfield and brownfield); 
• Determination of a filter technique: e.g. physical 

criteria, distance to market, criteria set up by 
financing institutions or a combination of 
criteria; 

• Identification of showstoppers: political situation 
in a specific region, budget, Environmental and 
social impact assessment (ESIA); 

• Evaluation by means of Multi-Actor Multi 
Criteria Analysis (MAMCA), or similar methods, 
based on project characteristics; 

• Determination of stakeholders needs, values 
and priorities in a multi-stakeholder workshop 

• Identification of ecosystem services at a specific 
site and the interrelation with a port 
development; 

• Ranking of sites based on stakeholder 
clustering, economic and political scenarios. 
Detailed information can be found in [1]. 

 
4. Case Study 
A case study on Myanmar involved three months 
fieldwork in-country comprised of numerous 
interviews, desk studies, site studies, a multi-
stakeholder workshop (Figure 4). The adopted 
stakeholder-inclusive approach provided many 
insights and essential data. The stakeholder values 
that could be synthesised from the workshop were 
used for refinement of the initial framework in a 
bottom-up approach.  
 
4.1 Description  
Myanmar, formerly known as Burma, is a country in 
Southeast Asia with a population close to 60 million. 
There are nine main ports along Myanmar’s 
coastline. Yangon International Port, located 32 km  
upstream from the mouth of the Yangon-river, is the 
largest port handling about 90% of the total 
throughput and can serve up to 15.000 – 20.000 
DWT vessels now, and up to 35.000 DWT in future. 
Thilawa International Port, an expansion of the Port 
of Yangon, is located 16 km downstream from 
Yangon. Figure 3 shows the other ports of Sittwe, 
Kyaukphyu, Thandwe, Pathein, Mawlamyine,  
Dawei, Myeik, and Kawthoung. Myanmar’s maritime 
infrastructure needs upgrades since existing ports 
are mainly up-river, have a limited draught and 
require continuous maintenance dredging. 
 
Myanmar requires an own deep seaport, apart from 
the ports developed to serve Indian, China and 
Thailand. There are several reasons for deep 
seaport development, presented in below ranking 
based on Myanmar’s priorities: 
1. To cater for Myanmar’s growing economy; 
2. To cater for larger vessels; 
3. To boost Myanmar’s economy; 
4. To lower logistics costs; 
5. To compete as a transhipment hub. 
 

The main motivation for port development in 
Myanmar is to cater for the growing economy of 
Myanmar itself, which means serving its own 
hinterland.  
 
4.2 Steps in the case study 
The case study was developed such that the results 
would be valuable input for the site selection 
framework. The framework is, essentially, a 
collection of insights from the case study. The first 
step in the case study was stakeholder identification 
and subsequent stakeholder consultation by means 
of interviews. Twenty (20) stakeholder consultations 
were conducted, with focus on the following topics: 
• Criteria and considerations for current and past 

site selection and port developments in 
Myanmar; 

• Views of stakeholders on the needs for deep 
seaports in Myanmar; 

• Overview of port development and site selection 
policy in Myanmar; 

• Selection parameters and their importance for 
selection of deep seaports. 
 

During the case study and enhancement of the 
initial framework, additional literature and desk 
study was conducted on different evaluation 
methods for site evaluation. A Multi-Actor Multi 
Criteria Analysis (MAMCA) was applied, using a 
weighted summation method to score the specific 
site selection requirements.  
  

 
Figure 3 Main ports in Myanmar (Source: [6])  
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Figure 4 Group picture of interactive multi-stakeholder 
workshop held on 19 December 2017 [1] 

 
 
Finally, a multi-stakeholder workshop (Figure 4) 
was organised on the 19th of December 2017 titled 
‘Capacity building on deep seaport development 
opportunities in Myanmar’. The workshop consisted 
of two interactive sessions. The first interactive 
session involved valuation of ecosystem services to 
investigate the values of Myanmar stakeholders, 
and to show the impacts (both positive and 
negative) of port development on the ecosystem. 
The second interactive session focused on the 
determination of weight parameters for the site 
selection criteria (Figure 5) to be used in the 
MAMCA. The workshop thus supported the 
stakeholder-inclusive approach of this research.  
 
4.3 Framework application and findings 
The application of the framework resulted in a 
ranking of deep seaport sites in Myanmar. Firstly 
filter 1 was applied and resulted in a short list based 
on the key criteria land, depth, connectivity and 
shelter.  
Filter 1 could be evaluated in different ways [1] 
based on different priorities. Subsequently filter 2 
could be applied to evaluate the short list with a 
Multi-Actor Multi Criteria Analysis using output 
(weight parameters) of the multi-stakeholder 
workshop and an ecosystem services tool [1]. 
Similarities were found within the group of sixteen 
sets of weighted parameters from the multi-
stakeholder workshop. 
 
 
 

  

 
Figure 5 Results of pairwise comparison during the multi-
stakeholder workshop for obtaining weight parameters 
 
 
This enabled the MAMCA to be evaluated based on 
four scenario’s or ‘clusters’ of stakeholders, i.e., 
environmental cluster, social & political clusters, 
economic cluster, and costs cluster (see Figure 6). 
 
Myanmar’s coastline can be divided roughly into a 
North-Western stretch located in the Bay of Bengal, 
and a Southern stretch located in the Andaman 
Sea. In general, the Southern stretch is substantially 
better suited for deep sea port development 
because of the following four reasons: Arakan 
mountain range blocking landward access to the 
Bay of Bengal, corridor (road/rail) developments, 
mild wave climate of the Andaman Sea, and more 
stable political situation compared to the North-
Western stretch.  
 
Following the site selection process, the first filter 
resulted in a short list with sites Pathein, Yangon, 
Mawlamyine and Dawei, all located at the Southern 
stretch. These four sites were subsequently 
evaluated in detail with a MAMCA. The results of the 
analysis suggest that Myanmar should focus on two 
favored sites for port development. Yangon port 
should maintain its current activities, and this 
appears best in combination with a deep sea port 
near Kalegauk Island, close to the city of 
Mawlamyine, as Yangon suffers from major 
physical constraints related to small water depths 
and large sediment concentrations in the river 
mouth.  
 

 

 
Figure 6   Environmental cluster and social/political cluster. These weight parameters are input for the MAMCA. 
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5. Conclusions and recommendations 
An important conclusion concerning future deep 
seaport sites is the fact that the research completed 
previously [1] cannot point out the ‘best site’ for a 
port. Every site has its own pro’s and con’s, and an 
optimum site should be chosen based on the actual 
drivers of port development, selection criteria and 
corresponding weight parameters determined by 
the needs and values of stakeholders. The 
conclusions of the research can, however, provide 
guidance for the Myanmar decision-makers to 
formulate their own decisions concerning deep 
seaport development.  
 
In general, it can be concluded that the framework 
is suited for site selection using a stakeholder-
inclusive approach and ecosystem-based 
management, which helps Myanmar in selecting a 
site which caters for the country’s own 
developments. To cite one of the interviewees: ‘’No 
one in Myanmar knows which location is best, 
because all deep seaport projects are introduced, 
owned, and executed by foreign parties. These 
foreign parties try to tell Myanmar which location is 
the best one, however Myanmar needs its own site 
selection policy.’’ 
 
Recommendations for additional research are 
mainly related to application of the framework on 
different case studies, and filtering of sites based on 
e.g. Sustainable Development Goals or the World 
Bank IFC performance standards.  
 
Site selection is critical to port development and the 
long-term success and growth of a port, research 
into optimum and sustainable site selection is of 
significant value. Validation and application of the 
framework has proven that the framework is 
applicable in Myanmar.  
 
 
 
 
 
 

The framework is constructed such that it is also 
applicable in other countries by omitting Myanmar-
specific aspects. The essence of the framework is 
to show which processes, methods and 
considerations play a role in sustainable site 
selection. 
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Abstract 
Resilience theory provides a useful framework for conceptualising and implementing responses to large-
scale environmental change. Defining aspects include a focus on the dynamics of social and ecological 
systems following disturbance that invites a consideration of the linkages and inter-dependences therein. 
Significant and pervasive impacts associated with natural disaster events and climate change exemplify 
contexts in which resilience-based approaches stand to make a real difference in the context of recovery and 
adaptation needs. This paper illustrates the application of resilience theory to evaluate outcomes and identify 
opportunities following the Mw 7.8 Kaikōura earthquake that caused extensive damage to coastal 
environments on the South Island’s east coast. We describe lasting physical changes including the uplift of 
nearshore environments by as much as 6m, and associated ecological and infrastructural impacts that have 
since been the subject of further change in the process of rebuilding and readjustment to a new norm. In the 
natural environment, large-scale ecological changes include the establishment of coastal forests on newly 
uplifted land and reassembly of macroalgal communities in the intertidal zone. The uplifted land creates new 
space between the marine environment and existing major infrastructure that presents a considerable 
though variable degree of benefit for managing risks associated with climate change. Resilience-building 
opportunities are identified in both social and ecological realms but also the potential for trade-offs that may 
impinge on potential gains. As demonstrated here, resilience theory can support the identification of these 
benefits and also the potential for trade-offs thereby helping to achieve the best outcomes from disaster 
recovery investments across the social-ecological spectrum within a holistic approach.  
 
Keywords: natural hazard management, resilience assessment, climate change adaptation, outcome 
evaluation, social-ecological system, Kaikōura coast 
 
1. Introduction 
Natural disasters present relatively infrequent but 
highly influential perturbations to the fabric of 
natural and anthropogenic environments, and 
relationships between the two. The Mw 7.8 
Kaikōura earthquake provides a recent example as 
one of two highly disruptive earthquakes in New 
Zealand in recent times (Figure 1). Despite 
originating inland, the rupture propagated over 170 
km in a northeasterly direction, activating a large 
number of faults and displacement zones that 
affected extensive areas of land and sea [2,3,5,8]. 
 
Impacts of the earthquake included severe 
damage to road and rail infrastructure, particularly 
along the coastal corridor where many massive 
landslides occurred [8]. Other defining features 
included a complex pattern of ground 
displacements, with faults slipping by up to 20m 
and vertical displacements of up to 8m at the 
surface [3,5]. Vertical displacement affected over 
100km of coastline in Canterbury and a further c. 
40km in Marlborough [3]. In comparison to the tidal 
range of c.2 m the displacement caused major and 
near instantaneous relative sea-level changes at 
the coast [14]. Consequences for natural 
resources included widespread mortality in the 
marine environment, closure of fisheries, and 

widening of beaches, leading to new human 
interactions with the coast [1,11,15].  
 

 
Figure 1 Earthquake impact at Waipapa Bay. (a) Road 
and rail damage. (b) Uplifted bull kelp forest on the reef. 
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Figure 2 Study area on the Kaikōura coast. 

 
As with recent experience in the Canterbury 
earthquakes, the investment cycle associated with 
earthquake repairs can lead to unprecedented 
opportunities to rethink development patterns and 
reduce risks associated with future disasters 
involving natural hazards and climate change [13]. 
In assessing these opportunities, the concept of 
ecological resilience has emerged as a useful 
framework due it is holistic basis that draws 
attention to all aspects of the social-ecological 
system [4,6]. 
 
In this paper we develop and apply a resilience 
assessment framework to illustrate some of the 
legacy effects and future opportunities associated 
with the Kaikōura earthquake with a focus on 
future sea-level rise (SLR). In this case, the 
uplifted coastline has provided an unexpected 
bonus in relation to SLR by creating additional 
‘new land’ that provides a buffer between the new 
position of the coastline and marine environment, 
and the location of existing infrastructure and other 
features that may cause coastal squeeze [12]. 
 
2. Methods 
This paper takes the form of a case study that 
investigates the new land created by earthquake 
uplift. The study area is the coastal environment 
between Oaro and Waipapa Bay (Figure 2). 
Vertical displacement at the coastline ranges from 
-0.3m subsidence to over 6m of uplift as measured 
by LiDAR differencing [14]. In this study, the ‘new 
land’ was defined as the area between 0.6m NZVD 
contours derived from comparable LiDAR datasets 
acquired July 2012 and June 2018 representing 
pre- and post-quake conditions respectively. This 
elevation is the approximate position of the highest 
astronomical tide (HAT) on this coast [9]. 

A resilience assessment framework based on 
three components was used to characterise 
current and future trajectories of land and seabed 
development at a relatively broad scale with SLR. 
First, we identified contemporary new land uses 
(Table 1). Second, we applied Holling’s adaptive 
renewal cycle [7] to broadly characterise 
transitions between four future configurations 
(anthropogenic infrastructure, terrestrial habitat, 
upper intertidal and lower intertidal) that together 
account for the entire area (Figure 3). Third, we 
simulated these transitions with progressive 
inundation of the land area under SLR from 0.6 m 
NZVD using a 1 x 1m digital elevation model 
(DEM) derived from June 2018 LiDAR. Although 
several assumptions are inherent in these 
scenarios, including continuation of current 
topography and the nature of tipping points, they 
are primarily designed to show the tradeoffs 
between environment types as the new land 
becomes reinundated by the sea with progressive 
SLR. In this case, the tipping points are relatively 
strong between the alternative system states 
(Figure 3). Additional detail is provided for three 
focus areas, each representing areas of rocky 
coastline that were affected to different degrees. 
The ‘north’ coast stretches from Mangamaunu Bay 
to Waipapa Bay, ‘south’ coast from Oaro and 
Peketa, and ‘Kaikōura Peninsula’ from the 
Coastguard boat ramp in South Bay to Gooch’s 
Bay in the north (Figure 1). 
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Figure 3 Resilience framework that applies the adaptive 
renewal cycle [7] and strength of tipping points to assess 
changes in four social-ecological system states that 
together describe future configurations of new land on 
the Kaikōura coast.  
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3. New land  
In total, approximately 170 ha of ‘new land’ was 
created on this coastline. The elevation range of 
ground surfaces in the new land vary from near-
zero to more than 9m above its former vertical 
position as a consequence of variable uplift and 
some instances of large rockfalls filling in the foot 
of former coastal cliffs (Figure 4).  
 

 
Figure 4 Area and elevation range occupied by uplifted 
‘new land’ within four geographical domains on the 
Kaikōura coast (refer Figure 1). 

 
The extent of the new land exhibits a high degree 
of spatial variability that reflects the complex 
pattern of uplift and its interaction with the pre-
existing topography of the intertidal zone. For 
example, some areas such as Kaikōura Peninsula 
gained appreciable area despite experiencing only 
modest uplift due to relatively flat but extensive 
reef platforms being lifted above the reach of the 
tide (Figure 5).  
 
Within the new land area, a wide variety of 
anthropogenic developments have been 
established in association with earthquake 
recovery activities (Table 1). They are typically in 
various stages of construction and co-occur with 
recovery processes in the natural environment that 
are primarily located to seaward. In this 
configuration the recovering natural environment 
provides a buffer between the post-quake marine 
environment and position of new built-environment 
assets, although with considerable variability in the 
width of this new terrestrial zone.  
 
To date, approximately 11.5ha of new 
infrastructure development has occurred involving 
landfill or reclamation work extending seaward 
from the position of the pre-earthquake coastline. 
Most of this footprint (11ha) is located on the north 
coast, 0.5ha on the south coast, and very little on 
Kaikōura Peninsula. The balance of the ‘new land’ 
is currently in various stages of revegetation 
(Figure 6). Areas featuring boulder fields are slowly 
accumulating organic material assisted by the 
early establishment of grasses, and now support a 
young developing forest of coastal species such as 

ngaio (Myoporum laetum), koromiko  
(Hebe salicifolia), whauwhaupaku/five-finger 
(Pseudopanax arboreus), te kouka (Cordyline 
australis), and Coprosma such as C. repens and 
C. robusta. However, some areas with extensive 
flat reef surface have remained mostly barren due 
to ongoing weathering and limited opportunities for 
soil accumulation. Within the new land, there are 
also several new freshwater features associated 
with rivermouth displacements and new springs 
that have appeared on the coastal fringe. 
 

 
Figure 5 An example of uplifted ‘new land’ on Kaikōura 
Peninsula. The uplifted platforms (green) experienced 
only modest uplift (0.6 – 0.9m) yet are relatively wide.  

 

 
Figure 6 (a) Widespread mortality of habitat-forming 
macroalgae followed uplift of the Kaikōura coast. This 
reef platform was uplifted only 0.6m but that was 
sufficient to eliminate nearly all algal cover and initiate a 
complex renewal cycle in the new intertidal zone. (b) 
Coastal forest is establishing in new terrestrial areas that 
were previous in the intertidal zone, here at Paparoa 
Point. 
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Table 1   Inventory of landscape features and new developments within the ‘new land’. 

Post-quake feature Recovery process 
Built environment Natural environment 
Amenity 
function 

Resilience 
function 

Amenity 
function 

Resilience 
function 

Road and railway 
reconstruction 

Repair of damaged infrastructure requiring 
reinstatement of road/rail corridor and 
stabilisation of unstable slopes above  

 ✓   

Road realignment Strategic realignment away from areas of 
rockfall  ✓   

Road straightening 
and widening 

Widening of road corridor and associated 
straightening in selected sections ✓    

Seawall construction Armouring of the seaward extent of 
infrastructure with new seawalls, various 
construction types used 

 ✓   

Safety barrier 
improvements 

Installation of new guard rails along 
extensive sections of highway ✓    

Landscaping Landscaping of post-quake surfaces at 
select locations, mostly existing car parks ✓  ✓  

Cycleway & footpath 
developments 

Construction of new cycleway & footpath 
amenities ✓    

Restoration plantings Re-vegetation of exposed surfaces 
through planting at select locations ✓  ✓ ✓ 

Artistic & interpretive 
installations 

Installation of new artwork & sculpture at 
key locations, including interpretive 
displays on aspects such as earthquake 
recovery, cultural significance and 
conservation values or management 

✓ ✓  ✓ 

Coastal forest & 
shrubland 

Mortality of marine species followed by 
ecological succession on uplifted surfaces    ✓ 

Freshwater systems 
and wetlands  

Realignment of stream mouths, 
establishment of new freshwater wetlands 
along the coastal fringe 

   ✓ 
 
3.1 Resilience to sea-level rise (SLR)  
With rising sea levels, the new land will become 
progressively inundated by the sea. Figure 7 
shows the trajectory of the four dominant 
environments that will occupy the space. As 
expected, areas that experienced relatively modest 
uplift will be returned to the sea soonest. Initially, 
terrestrial habitats will become exposed to salinity 
and inundation influences that test their adaptive 
capacity thresholds leading to a reversal of their 
recent expansion as marine habitats become re-
established in their place. The upper intertidal zone 
will move landward, taking up progressively more 
of the new land area. With the tidal range being c. 
2m, a 1m SLR leads to the upper intertidal zone 
shifting landward and the lower intertidal zone 
occupying the footprint of the new post-quake 
upper intertidal area.  
 
This general dynamic would continue unhindered 
in a (hypothetical) situation where there is an 
absence of landward constraints on the inland 
migration of the marine environment. However, 
where those constraints exist the upper intertidal 
zone is first to undergo impacts from the influence 
of ‘coastal squeeze’. In this case, these constraints 
include both natural topography and 

 
new anthropogenic developments that have been 
established since the earthquake (Figure 8).  
 

 
Figure 7 Changes in the four dominant environment 
types that collectively describe the fate of recently 
uplifted land on the Kaikōura coast when exposed to 
future sea-level rise. The earthquake bonus effect is 
graphically illustrated by the peak in upper intertidal zone 
gains which contrinues to offer gains with up to 1.5 m in 
the highest uplift area (north coast) but to a lesser extent 
elsewhere. Beyond this threshold, however, upper 
intertidal area is lost as a consequence of coastal 
squeeze and similarly for new terrestrial habitat that has 
become established post-earthquake. 
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The response of the upper intertidal zone serves 
as an important indicator of overall system 
resilience in this case. Across the four 
geographical domains shown the Figure 7 the 
resilience threshold varies considerably with 
respect to the new land. On the north coast, the 
upper intertidal zone gains area from the new land 
up until a SLR of c. 1.5m before declining, but this 
threshold is lower for the south coast, peninsula, 
and coast as a whole. This reflects the higher uplift 
experienced in the north coast, which has 
translated to more ‘room to move’ for intertidal 
habitats exposed to coastal squeeze.  
 
Beyond this resilience threshold, the upper 
intertidal area diminishes with progressive SLR 
assuming that infrastructure and natural 
topography stays fixed in place. New terrestrial 
habitats see similar decreases with the severity of 
both being depending on the topography of the site 
(Figure 7).  
 
4. Discussion  
This study shows how natural resilience-building 
opportunities can be presented unexpectedly from 
extreme events that are commonly categorised as 
‘disasters’. In this case, the legacy effects may well 
be instrumental in mitigating future climate risks 
that could be equally catastrophic or even moreso 
considering their long-term nature. This illustrates 
an important nexus for planning in the aftermath of 
disasters to address simultaneously short and 
longer term prospects for recovery that include 
attention to future natural disasters and the effects 
of climate change. Here, resilience theory is 
insightful by drawing our attention to the potential 
for tradeoffs between the different components of a 
social-ecological system and need for a holistic 
approach.  
 
As this assessment shows, the uplifted ‘new land’ 
creates a buffer zone that effectively buys time for 
intertidal habitat in the face of climate change, but 
only up to a point. The high degree of spatial 
variability means that some areas have built only 
modest additional resilience to the effects of sea-
level rise. New infrastructure proposals and the 
wider gambit of climate risk reduction will need to 
be mindful of those areas in particular. At the same 
time, higher uplift areas present new opportunities 
to improve the situation across the social-
ecological spectrum. 
 
Some of the key opportunities exemplified in this 
case include amenity enhancement and resilience-
building activities that were either not possible 
before the earthquake or benefitted from the 
investment cycle initiated by the recovery process. 
In terms of the adaptive renewal cycle (Figure 3) 
this investment can be seen as a game-changer, 

effectively representing resources from outside of 
the region that influence the direction and 
magnitude of reassembly following the disturbance 
event. This greatly influences the attainment of 
new relatively stable endpoints in the post-
earthquake landscape and illustrate the important 
role human agency can play. 
 
Effective resilience-building requires the resolution 
of tradeoffs inherent in choices between competing 
outcomes – yet this knowledge can be used to 
practical advantage in addressing the opportunities 
at hand. For example, all of the resilience-building 
features documented here (as opposed to amenity 
enhancements as in Table 1) could be the target of 
specific investments to maximise desirable 
outcomes for each within an integrated approach. 
The combined objectives would look to maximise 
the resilience of essential infrastructure, room for 
marine environment movement with future SLR, 
and carbon sequestration on new terrestrial habitat 
in the time being, all of which help to reduce 
climate risks. 
 

 
Figure 8 New infrastructure development in the new land 
on the Kaikōura coast. (a) The raised yellow area shows 
the footprint of a realigned section of highway that was 
moved seaward to improve resilience to the unstable 
hillside above it, and takes up over half of the new land 
in this area and extending to the top of the new (post-
quake) intertidal zone. (b) Recent Google satellite image 
of the completed new infrastructure at this location, 
which includes road widening, seawall construction, 
guard rail installation and incorporation of a cycleway.  
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Figure 9 (a) Extensive section of seawall used to support 
a new road alignment near Ohau Point where massive 
landslides present an ongoing rockfall hazard. (b) Foot 
of the seawall looking north which is close to the position 
of the post-quake intertidal zone. Softening of these 
surfaces with less-vertical ledges and interstitial spaces 
could help improve their habitat-forming properties. Such 
‘living wall’ designs could help to mitigate adverse 
effects associated with the location of these structures in 
intertidal zones, particularly with SLR (Table 2). 

 
Incorporating resilience-building within a post-
disaster context is no easy feat, but there are 
considerable benefits to be gained [12,13]. There 
is also a need to consider the wider context of 
impacts, which includes the potential for loss. In 
this case, the marine environment could be 
expected to reassemble in a new location to 
seaward, but this process has been surprisingly 
slow [1, 15]. Therefore, it is important to recognise 
the potential for aberrations within the theoretical 
renewal cycle (Figure 3) that include the possibility 
that some parts of the ecosystem may not fully 
recover.  
 
These temporal effects are especially likely to 
occur where there are considerable lag effects 
introduced by natural processes such as slow 
recruitment, or the coincidence of additional 
stressors during the recovery period. As the latter 
may be either natural or anthropogenic in origin, 
this highlights the need to ensure that recovering 
marine environments are nurtured to the greatest 
extent possible in this case. Potential actions for 
achieving this include investing in restoration 

measures such as translocations to solve 
recruitment limitations and planting to stabilise 
exposed surfaces. However, there is also a need 
to reduce or eliminate man-made stressors to 
accelerate marine recovery and guard against 
potential ‘double-whammy’ impacts from 
sequential negative events. 
 
5. Summary  
 
Despite the bonus effect presented by uplift, the 
overall plight of much of this coastal area remains 
tenuous under climate change because of the 
limited space between the marine environment and 
major infrastructure on land. Resilience theory 
highlights the importance of using the ‘new land’ as 
effectively as possible to maximise potential gains. 
As demonstrated in this study, there can be trade-
offs between resilience-building in the built and 
natural environments especially where space is 
scarce. Where new infrastructure is deemed 
necessary or desirable, however, mitigation 
options can identified and pursued. Importantly, 
the New Zealand Coastal Policy Statement 2010 
(NZCPS) requires these aspects to be addressed 
for new infrastructure in coastal hazards zones 
inclusive of the effects of climate change over a 
minimum timeline of 100 years [10]. Two key 
strategies for achieving this are illustrated by the 
new development patterns and resilience effects 
shown here, as summarised in Table 2. 
 
 
Table 2 Mitigation strategies for the design of new 
infrastructure in current and future intertidal zones. 

 Assess impacts at the scale of the site 
and wider landscape to include potential 
impacts of climate change for at least 
100 years. Look for avoidance 
opportunities where possible through 
alternative solutions or design. 
Assess onsite mitigation opportunities 
through ecological engineering by 
incorporating ‘living’ elements in the 
structure. These can directly create 
habitat and reduce impacts of the 
structure over time.  
Assess offsite mitigation opportunities 
presented by the creation of habitat 
elsewhere. This requires the 
assessment of climate change 
vulnerability in the wider area with a 
focus on identifying area that could be 
protected or enhanced to ensure there is 
no ‘net loss’ in important habitats and 
resources at an appropriate scale. 
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Abstract 
Understanding the contributions of sea-level and tidal range to total water levels is important for accurate 
assessments of future inundation risk. This is particularly critical in estuaries where low-lying development 
often becomes vulnerable to inundation with only small changes in water levels. Lake Macquarie is a large, 
microtidal coastal lake on the eastern coast of Australia. Increasing tidal range has been observed since water 
level records began in 1986 and has been attributed to morphological adjustment to entrance training that 
occurred in the late 1800s. Within tidal basins, the tidal range (the mean height between low and high water 
levels) is influenced by many variables including entrance conditions, basin geometry, river flow, and the tidal 
range at the ocean boundary. Increasing water depths in shallow, dissipative tidal basins like Lake Macquarie 
are linked to reduced attenuation, thus rising sea-level is another possible driver for increasing tidal range.  

Multi-decadal time series from the NSW coastal data network were analysed at five tidally influenced water 
level monitoring sites in Lake Macquarie. The annual mean high water (MHW) and mean low water (MLW) 
datums were calculated from primary harmonic constituents (Z0 and M2) and compared with arithmetic means 
of the peaks and troughs identified from time series analysis for the semidiurnal MHW/MLW and the diurnal 
mean higher high water (MHHW) and mean lower low water (MLLW). All five sites show increasing trends in 
mean water level, with the highest rate of increase observed at the Swansea Channel entrance. The tidal 
range between MHHW and MLLW appears to be stable at the entrance but increasing within the lake by 
1.5-1.7 mm/yr. This trend exemplifies tidal amplification as a serious contributor to higher water levels and 
potentially increased inundation in low lying areas. 

Keywords: tidal range, sea-level rise, coastal lake, tidal basin, estuary. 
 
1. Introduction 
Local sea-level threats are difficult to represent at 
the scale of regional and global models [1]. 
Complex estuary dynamics and interactions with 
non-astronomical factors influence water levels in 
unexpected ways. The need to incorporate these 
dynamics into sea-level hazard models is critical to 
assess impacts of sea level rise on the significant 
economic, cultural, and environmental values 
concentrated in low elevation coastal zones 
surrounding estuaries. Continuous water level 
monitoring programs in estuary locations are 
therefore invaluable for assessing trends and 
changing threats with uncertain future conditions. 

Techniques commonly used to interpret tidally 
influenced water level data are often designed for 
port locations and purposes. These methods are 
known to oversimplify the effects of estuary 
dynamics, leading to measures of water level 
means which underestimate observed water level 
exceedance heights [2,3,4]. The need to estimate 
the frequency and distribution of water level 
exceedances, together with extremes, is important 
for future hazard planning and the management of 
existing coastal infrastructure. 

Future sea-level threat can be better understood by 
identifying the significance of contributing factors to 
elevated water levels. Higher tides can result from 

changes in relative mean sea-level, changing tidal 
range, or a combination of the two. Tidal range, the 
mean difference between low and high water levels, 
is typically assumed to remain constant with sea-
level rise in inundation hazard planning [5]. 
Definitions of tidal datums adopted in this paper are 
given in Table 1. 

Table 1. Standard tidal datum definitions 

Tidal Datum Definition 

MHHW The average of the higher high water 
of each tidal day 

MHW The average of all the high water 
heights 

Mean tide 
level 

The arithmetic mean of mean high 
water and mean low water 

MLW The average of all the low water 
heights 

MLLW The average of the lower low water 
height of each tidal day 

Mean tidal 
range 

The difference in height between 
mean high water and mean low water 

Greater tidal 
range 

The difference in height between 
mean higher high water and mean 
lower low water 

 
Non-astronomical anomalies are the share of water 
level variations not attributed to the predictable 
orbits and relative positions of the Earth, Moon, and 
Sun [6]. Non-astronomical influences include shelf 
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waves and seiches, coastal trapped waves, 
barometric pressure, wind stress, wave setup, 
ocean currents, bathymetric effects in estuaries and 
embayments, rainfall runoff, and others [2].  Water 
level variations due to localised exposure to non-
astronomical influences can be significant and vary 
between estuaries and between events. 

This paper provides a revised estimate of the tidal 
range increase in Lake Macquarie, comparing tidal 
datums derived from different methods, and 
assesses the contribution of increasing tidal range 
on observed peak water levels. 

2. Lake Macquarie 
Lake Macquarie is a tidal lake on the central NSW 
coast (Figure 1). This estuary has been identified as 
having the highest number of properties exposed to 
projected sea-level rise in Australia [7]. Tidal range 
between low and high water has been increasing in 
the lake, attributed to the response to continuing 
channel scour [8,9]. Channel scour is the intended 
outcome of entrance training completed in the 
1800s. An increasing rate of mean sea level rise has 
been observed in the tide gauge record from the 
1990s [10]. 

The small and relatively stable tidal range (<1  m) in 
the lake  have allowed development very close to 
the upper tidal limit, thus even small changes in 
either mean sea-level at the ocean boundary or tidal 
amplitudes within the lake present inundation threat 
[11,5]. 

 
Figure 1 Studied Lake Macquarie water level station sites 
(yellow circles) and their estimated distance from the 
ocean boundary (along yellow line). Records analysed 
have variable lengths from 1986-2020. (Map Projection 
GDA2020/MGA Zone 56. Sources: Manly Hydraulics 
Laboratory NSW Govt, ABS Digital Boundaries (2016), 
Esri World Imagery, Esri World Shaded Relief). 

 
3. Methods 
3.1 Water level monitoring program 
The Manly Hydraulics Laboratory operates an 
extensive data network of automatic water level 
recorders for the NSW Department of Planning, 
Industry and Environment (DPIE). Continuous water 
level data recorded at 15-minute intervals from 
seven tidally influenced locations where station 
operation is ongoing (shown in Figure 1) were 
analysed. Data were plotted and checked for 
inconsistences, and observations with a quality 
rating of poor (±50 mm) or worse removed from the 
time series. 
 
Water surface level is expressed in metres elevation 
relative to the Australian Height Datum (AHD71) [2]. 
Times are given in Australian Eastern Standard 
Time (AEST). Only five records having at least 19 
years duration were used for trend analysis: 
Swansea Channel, Belmont, Marmong Point, 
Cockle Railway Station, Kalang Road, and Ruttleys 
Road stations. 
 
3.2 Meteorological data 
Three-hourly mean sea level pressure data were 
obtained from the Bureau of Meteorology automatic 
weather station at Norah Head, NSW (station ID 
061366) between February 1995 and April 2019. 
Data were cropped to the Swansea Channel station 
record starting March 1996 and values interpolated 
to match the 15-minute interval water level time 
series. 
 
3.3 Tidal datum calculation 
Tidal datums - the standard elevations of certain 
phases of the tide at a given point - were calculated 
at each monitoring station using two methods: 1) 
from tidal constituents derived from annual 
harmonic analysis via the UTide MATLAB toolbox 
[12], and 2) from statistical means of identified 
maxima and minima in the tidal curve using a 
custom script developed in MATLAB based on the 
calculation methods by NOAA [13]. Only years with 
greater than 50% completeness were included in 
the analysis of annual constituents and means.  

Predicted water levels were reconstructed using 
UTide, omitting the linear trend term (the ‘NoTrend’ 
option). Predictions were modelled with all solved 
constituents from January–December annually. 
Note that MHL use the term tidal planes to describe 
the average tidal elevations. Here, the term tidal 
datums is used to refer to elevations at a point, and 
tidal planes to refer to the two-dimensional plane 
connecting a series of tidal datums. 
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Standard equations (see Table 2) were used to 
calculate tidal datums from the primary 
astronomical constants Z0, M2, S2, O1, K1. The east 
Australian ocean tides exhibit noticeable diurnal 
inequality; thus, the diurnal peaks higher high water 
(HHW) and lower low water (LLW) were identified in 
addition to semidiurnal high water (HW) and low 
water (LW) peaks from both the predicted and 
observed water level time series. 

Table 2. Standard equations for tidal datums [2] 

Tidal datum Equation 
HHWSS = Z0 + M2 + S2 + 1.4(K1 + O1) 
MHWS = Z0 + (M2 + S2) 
MHW = Z0 + M2 
MTL = Z0 
MLW = Z0 - M2 
MLWS = Z0 – (M2 + S2) 

 
3.4 Extremes and anomalies 
Extreme water levels and anomalies were identified 
to examine the contribution of non-astronomical 
factors on water level exceedances. The predicted 
tidal height at the entrance was also compared to 
the water levels observed in the lake to examine the 
dependence of lake water level extremes on the 
astronomical tide. Extreme water levels were 
identified as the HHWs above the 97th percentile, 
approximately the highest ten HHW occurrences in 
a complete data year. 
 
Water level anomalies are defined here by the skew 
surge, which is the difference between the predicted 
and the observed peak HHW elevation regardless 
of timing difference [14]. See Figure 2 for illustration. 
 

 
Figure 2. Skew surge heights measured for higher high 
water peaks (HHW) from the Swansea Channel station 
record over a 5 day period in July 2019. The surge height 
annotated is the computed elevation difference between 
the predicted HHW peak (black circle) and the observed 
HHW peak (red circle), regardless of timing difference. 

 

4. Results 
4.1 Tidal datum trends 
Comparisons between tidal datums calculated from 
primary constituents Z0, M2, S2, O1, and K1, and tidal 
datums calculated from means of water level 
maxima and minima show that MHW are 
underestimated, and MLW are overestimated, by 
the constituent equations (Figure 3). The diurnal 
inequality is evident from the differences between 
MHHW and MHW, and between MLLW and MLW. 
These differences are greater for MHHW and MHW. 

Trends in tidal datums indicate that relative mean 
tide level nearer the ocean boundary (as observed 
at the nearest station with >19 years length record, 
Swansea Channel) is rising at a rate of 
4.6 ± 2.0 mm/yr over the past 18.81 year nodal tide 
cycle (rounded to 19 years from 2002-2020 
inclusive). Whereas within the lake, mean water 
level has increased at varying rates between 
2.0 ± 2.0 mm/yr at Kalang Road station to 
3.6 ± 1.4 mm/yr at Belmont Road station. All 
standard errors shown herein are 95% confidence 
intervals. The uncertainty estimate assumes errors 
are uncorrelated in time. 

The rate of rise in relative mean sea-level appears 
to decay with distance from the ocean (as 
measured along the distance lines shown in Figure 
1). Note that mean water level trends may be 
influenced by vertical movement at some sites 
Greater tidal range has remained static nearer the 
ocean boundary (0.0 ± 0.8 mm/yr at Swansea 
Channel station), but within the lake, both mean 
and greater tidal range have increased by between 
1.5 ± 0.3 mm/yr at Kalang Road station to 
1.7 ± 0.2 mm/yr at Marmong Point station. Note 
that Swansea Channel is influenced by entrance 
hydrodynamics and is not representative of the 
regional ocean conditions. 
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Figure 3. Lake Macquarie tidal planes and their trends for the most recent nodal epoch (19 years 2002-2020). Mean Higher 
High Water (MHHW), Mean Lower Low Water (MLLW), Mean High Water (MHW) calculated by statistical peak means 
denoted by subscript ‘S’ and primary constituents by subscript ‘C’. Increasing tidal range (shaded grey areas) contributes 
to higher observed MHHW. Standard errors given are 95% confidence intervals. 

 

4.2 Water level distributions 
Water level distributions in Figure 4 illustrate the 
relative amount of time the water level spends at 
various elevations throughout the record. By 
definition, tidally influenced water levels typically 
remain between MLW and MHW 50% of the time. 
Figure 4 shows water level distributions side by side 
for each Lake Macquarie water level station. 
Swansea Channel, Lucys Groyne, and Ruttleys 
Road stations have fewer years of data compared 
to other stations in Lake Macquarie. The increasing 
sea-level trend is clearly shown by the increasing 
tidal datum elevations. 

Water level exceedances, defined as observed 
HHW elevations above the 97th percentile, are 
shown by black crosses in Figure 4. Water levels 
above the 97th percentile represent the ten highest 
water level exceedances from a complete annual 
time series. The 97th percentile water levels give an 
estimation of the changing frequency of extremes 
while limiting the bias of infrequent events inherent 
in assessing only the annual maximums. 
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Figure 4. Lake Macquarie annual water level distributions and extremes, defined as the higher high water peaks above the 
97th percentile for each year. Each distribution represents one year January-December from 1985 (light blue) to 2020 (dark 
blue). Note that water levels within the lake show marked increase in mean water level and extremes. 

 
4.3 Surge and peak water levels 
Skew surges were calculated from the elevation 
difference between the predicted and observed 
HHWs to examine the contribution of non-
astronomical factors on water level exceedances. 
Skew surge height is shown to be independent of 
the tidal height modulation associated with 
neap/spring cycles at all stations (Figure 5, top row). 
The surge timing is calculated by the difference 
between the observed and predicted time of a HHW 
peak in minutes (Figure 5, centre row). The 
observed peak occurs up to 90 minutes earlier or 
later than predicted and peak timing shift is not 
correlated with surge magnitude. Note that data are 
typically logged at 15 minute intervals as seen by 
the visible groups in the timing shift. 
 
Observed HHW levels within the lake were 
compared to the observed Swansea Channel HHW 
level to estimate the dependence of lake water 
levels on entrance conditions (Figure 5, bottom 
row). Observed HHW levels are attenuated by a 
factor of between 0.45 at Ruttleys Road and 0.49 at 
Marmong Point compared to the Swansea Channel 
station. The two year record at Swansea Channel 
Lucys Groyne indicates that HHWs nearest the 
entrance of Lake Macquarie are higher by a factor 
of 1.1 compared with the longer running Swansea 
Channel station further inside the channel. 
Multiplied by 1.1, with 95% of the difference within ± 
8 cm, the observed HHWs at the Swansea Channel 
station are shown to be a suitable proxy for water 
level maximums at the entrance (r = 0.98). 

The observed HHW at the Swansea Channel 
station and observed HHW at stations within the 

Lake are strongly correlated. Therefore, once 
attenuation from the entrance (Lucys Groyne) to the 
Swansea Channel station is factored in, entrance 
conditions are also a reliable indicator of water level 
exceedances within the lake. 
 
4.4 Tidal constituents 
Primary tidal constituent amplitudes for Z0, M2, S2, 
K1, O1, derived from UTide harmonic analysis for 
each year of station data, are plotted in Figure 6. 
The MHHW calculated from identified diurnal HW 
peaks (blue line) is closely matched with the 
addition of tidal constituents Z0+M2+S2+K1. Based 
on the tidal datums definitions (Table 2), by the 
standard equations this elevation would be 
exceeded less frequently than MHWS, the 
fortnightly spring tide. 
 
When the primary constituents are shown without 
the interannual variability of Z0, the trends in greater 
tidal range presented in Section 4.1 are replicated. 
Amplitudes at the channel are constant, and within 
the lake are increasing. The steady rate of increase 
in tidal amplitudes in the lake, independent of mean 
sea level, and the decreasing trend in the spring 
tidal constituent Msf are also consistent with the 
1988-2004 findings of Nielsen & Gordon [8] and 
Hart et al. [9]. The Msf constituent is included in MHL 
tidal plane calculations to estimate the effect of 
spring tidal pumping in coastal lakes and lagoons 
[2]. The amplitude calculated for the Msf constituent 
indicates this effect is relatively small compared with 
the change in amplitude of Z0. 
 

1985 2020 
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Figure 5. Lake Macquarie total water levels and skew surges: [TOP] Predicted Higher High Water level (HHW) versus the 
skew surge height, the lack of correlation shows that any surge can occur on any tide. [CENTRE] Peak HHW timing versus 
the skew surge, observed HHWs arrive up to 90 minutes before (-ve) or after (+ve) predicted regardless of the surge 
magnitude. [BOTTOM] Correlation between observed HHW at the mouth (Swansea Channel station) and the respective 
HHW at each station. 

 

Figure 6. Tidal constituents calculated annually at five water level stations over >20 years in Lake Macquarie, from the 
entrance channel (left) to the furthest from the ocean boundary (right). [TOP] The MHHW calculated from diurnal HHW 
peaks exceeds the MHWS estimated from the addition of primary tidal constituents Z0, M2, and S2. Msf is the fortnightly 
constituent estimating the effect of spring tidal pumping. [BOTTOM] Without the Z0 constituent, representing annual mean 
sea level, constituent amplitudes M2, S2, K1, and O1 increase steadily at the stations within the lake.
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5. Discussion and conclusion 
Lake Macquarie water level exceedances are 
increasing as the net consequence of relative sea-
level rise at the ocean boundary and increasing tidal 
range within the lake. Previous studies [8,9] have 
identified increasing amplitudes of the primary 
constituents M2 and S2. As this work illustrates, the 
primary constituents used to estimate tidal datums 
systematically underestimate the mean daily high 
water level MHHW. That the primary constituents 
and standard equations for deriving tidal datums 
have limitations in estuary settings is well known, 
yet the significance and magnitude of this difference 
is rarely defined. 

The MHHW from observed diurnal peaks provides 
a tidal datum equivalent to a water level with an 
exceedance probability of once per day. Inspecting 
the HHW water levels above the 97th percentile 
shows that the height of the ten highest water level 
exceedances is increasing. Extremes are more 
widely distributed at stations within inlets due to 
their local dynamics and are likely to represent 
localised flooding due to rainfall runoff. Extremes at 
the lake entrance are more tightly constrained in 
height, but the increasing trend at the 97th percentile 
level is evident.  

Surges due to non-astronomical influences have a 
magnitude independent of the expected HHW peak 
and surge peaks arrive earlier or later than expected 
independently of the surge magnitude. This 
independence demonstrates that the specific 
conditions for each surge event, such as antecedent 
water level, wind direction, and the type of event, 
are important factors for estimating inundation 
threat. Further work is ongoing to quantify the 
contributions of these factors. 

Nielsen and Gordon [8] estimated the spring tidal 
range in the lake had increased 1.3 mm/yr over the 
period 1988 - 2004. They concluded that the 
increase could not be driven by rising sea level 
alone. In this study, for stations within the lake 
having records longer than 20 years, the sum of 
primary constituents M2, S2, O1, and K1 over the 
period to 2020 is shown to be increasing at a steady 
rate independent of Z0 (mean sea level). The effect 
for greater tidal range within the lake is an increase 
of 1.5 - 1.7 mm/yr. However, the net increase in 
observed MHHW is around double the rate of tidal 
range increase, from 2.9 – 4.4 mm/yr. The use of 
primary constituents M2 and S2 as a measure for 
changing tides is demonstrated to be inadequate for 
estimating the evolution of peak water levels, and 
consequently, the rising threat of inundation. 
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Abstract 
Storm surge (non-tidal water level) is usually defined as the difference between the observed water level and 
the predicted tide and attributed to direct. Storm surges contribute to coastal inundation, erosion, and possible 
loss of lives. Physical processes that influence the non-tidal water level associated with storms systems can 
persists for up to 14 days, beginning 3–4 days prior to storm landfall and ceasing up to 10 days after landfall. 
Storms can also influence the water levels and currents both locally and many thousands of kilometres away 
from the landfall location. The components of a storm surge may include: (1) forerunner, an increase in the 
mean water level up to several days prior to storm landfall; (2) meteotsunami; (3) continental shelf seiches; (4) 
edge waves with periods of ~six hours and speed 10ms-1, that move both directions along the coast; and, (5) 
continental shelf waves, which propagate in a single direction with the coast on their left (right) in the southern 
(northern) hemisphere meteorological forcing. Tropical storms (cyclones, hurricanes, typhoons) are among the 
most energetic forcing agents for the coastal ocean. Subtropical storms also have similar characteristics, as 
evidenced by the impacts from the recent storms that occurred in south-west Australia. In this paper, we use 
field measurements and numerical modelling from Western Australia to identify the processes that contribute 
to storm surges.  
 
Keywords: forerunner, storm surge, meteotsunami, tropical cyclone, coastally trapped waves. 
 
1. Introduction 
A Storm surge (non-tidal water level) is usually 
defined as the difference between the observed 
water level and the predicted tide and attributed to 
direct meteorological forcing. But there are many 
different physical processes that contribute to what 
we define as the storm surge. The two main forcing 
of the storm surge are the wind field (speed and 
direction) and the atmospheric pressure changes 
and gradients, which operate over different space 
and time scales. For coastal regions located along 
tropical and sub-tropical regions, the most extreme 
events are generated through tropical storm 
systems. These storm systems are among the most 
energetic forcing agents for the coastal ocean and 
are also associated with extreme winds and rainfall 
that result in severe damages to property and lives 
not only to in coastal regions but also in the 
hinterland. Surface gravity waves are also 
associated with these storms resulting in additional 
damage to coastlines through erosion and 
inundation [1]. 
 
In general, it is accepted that the storm surge is 
generated by wind with a smaller contribution 
through the changes in atmospheric pressure and 
may last for periods up to 24 hours. Recently, the 
contribution of wave- induced setup has also being 
considered [8]. In this paper we examine the 
changes in the water levels associated with tropical 
and extra tropical cyclones in Western Australia and 
the different processes that contribute to the non-
tidal water level (Figure 1). It is recognised that the 
non-tidal component of the water level consists of 
different physical processes that occur at different 
times and over different timescales (Figure 1). The 

process begins 2-3 days before the landfall of the 
storm with the forerunner [10, 17]. When the storm 
is closer to the coast pressure, wind and wave set-
up operates [4, 6, 8]. Meteorological tsunamis 
associated with the rainbands may also be present 
[13]. After the storm makes the landfall you may 
have continental seiches and coastally trapped 
waves (CTW) that propagate along the coast [3]. 
CTW’s include continental shelf waves that 
propagate with the coast on the left in the southern 
hemisphere and edge waves that can travel in either 
direction. 
 

 
 
Figure 1   A schematic time series of non-tidal water level 
associated with a storm that could extend up to 12 days 
or more. Different contributing physical processes are 
listed. 
 
Thus the non-tidal water level in response to a storm 
system could be expressed as a sum of the different 
processes as follows (some of the processes may 
have a negligible contribution depending on the 
storm configuration):  
 

752



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The contribution of forerunner, meteotsunami, seiches and coastally trapped waves to storm surges  
C Pattiaratchi, T. Bui, I. Janekovic 
 
non-tidal water level = forerunner + pressure 
response + wind set-up/set-down + wave set-up + 
meteo-tsunami + seiches + edge waves + 
continental shelf waves 
 
As an example, we provide a time series of water 
levels recorded at Geraldton in Western Australia 
during ex-Tropical Cyclone Mangga in May 2020. 
 

 
 
Figure 2   Winds associated with ex-Tropical Cyclone 
Mangga on 24 May 2020 1100 AWAST. Note north-
easterly winds along the coast (source: Bureau of 
Meteorology). 
 

 
 
Figure 3   Time series of water levels recorded at 
Geraldton during ex-Tropical Cyclone Mangga in May 
2020. (a) Measured (blue) and predicted tidal (black) 
water levels; (b) non-tidal water level (difference between 
blue and black lines in (a). Black box denotes the 
forerunner, blue box the pressure, wind and wave set-up. 
The black arrow represent a meteo-tsunami whilst red 
arrows point to peaks in the seiches that have periods of 
~4 hours at Geraldton. Units are m in (a) and cm in (b). 
Data from Department of Transport (WA). 
 
2. Theory and processes 
The depth mean equations of motion may be written 
as [7]:  
 
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕 + 𝒖𝒖.𝛁𝛁𝒖𝒖− 𝑓𝑓𝒌𝒌 × 𝒖𝒖

= −𝑔𝑔∇𝜼𝜼 +
1
𝜌𝜌 ∇𝑷𝑷𝑨𝑨 +

𝜏𝜏𝑠𝑠
𝜌𝜌𝜌𝜌 +

𝜏𝜏𝑏𝑏
𝜌𝜌𝜌𝜌 + 𝑭𝑭 + 𝑻𝑻 (1) 

 

Here, u is the horizontal velocity vector, k is the 
vertical unit vector; f is the Coriolis parameter; 𝜼𝜼 is the 
free surface; 𝑷𝑷𝑨𝑨 is atmospheric pressure; 𝜏𝜏𝑠𝑠 and 𝜏𝜏𝑏𝑏 
are surface and bottom wind stress respectively; 𝑭𝑭 
represent wave stresses and 𝑻𝑻 the tidal potential. 𝛁𝛁 
Is the gradient operator. 𝑔𝑔,𝜌𝜌 and 𝜌𝜌 are acceleration 
due to gravity, sea water density and total water 
depth, respectively. The terms in equation (1) 
represents (from left to right): temporal acceleration, 
non-linear, Coriolis, sea level gradient, atmospheric 
pressure, surface and bottom stress, waves stresses 
and tidal potential. Each of the different processes 
described in Figure 1 arise from assumptions (e.g. 
neglecting different terms) made in the application of 
equation (1) and these are presented below with 
examples from field measurements and numerical 
model output. 
 
2.1 Forerunner  
Forerunner is defined as the increase in the mean 
water level up to several days prior to storm landfall. 
When the storm is far offshore (> 500 km), usually 
the wind direction has a shore parallel component. 
These winds, in combination with the Coriolis force 
(both in the southern and northern hemispheres) 
drive onshore currents (geostrophic flow) that 
increase the water level (Ekman set-up) at the 
coast. This leads to an approximate geostrophic 
balance between the Coriolis force generated by the 
alongshore current and the across shelf pressure 
gradient: balance between the Coriolis and sea 
level gradient terms in equation (1): 

 
                                                            (2) 

 
The increase in water level at the coast is defined 
as Ekman set-up and expressed as [10, 17]: 
 
𝜁𝜁𝐸𝐸𝐸𝐸 = ∫ 𝑓𝑓𝑓𝑓

𝑔𝑔
𝑑𝑑𝑑𝑑 (3) 

 
This results in an increase in the water level prior to 
cyclone landfall, thus adding to the total water level 
at the peak of the storm. This is schematically 
shown on Figure 4. Time series of water levels 
recorded at Geraldton during ex-Tropical Cyclone 
Mangga in May 2020 shows the increase in mean 
water in response to the southward directed wind 
component (Figure 2) that created onshore 
geostrophic currents and thus Ekman set-up 
(Equation 3). The increase in water level was 
initiated around midnight on 22 May and gradually 
increased for 2.5 days until 0900 on 24 May.  Then 
the wind and pressure set-up due to the storm had 
a larger influence. In this particular case, the 
forerunner was 0.25 cm (Figure 3). 
An example time series of forerunner associated 
with TC Olivia (Figure 5) indicated that the 
forerunner extended over a coastline of almost 900 
km in length (Broome to Onslow) with the increase 
in mean water level beginning almost 3 days prior to 
the cyclone landfall (Figure 6). The initially TC Olivia 

𝑓𝑓𝒌𝒌× 𝒖𝒖 = 𝑔𝑔𝑔𝑔𝜼𝜼 

N 
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was > 500 km to the north of Broome and moved to 
the west and crossing the coast between Onslow 
and King Bay at 12:00 on 10 April 1996. At all the 
coastal stations the increase in water level due to 
the forerunner started on 7 April (Figure 6). The 
forerunner at Cape Lambert and King Bay was 
~0.30 m. The transition from the forerunner to the 
direct storm surge is evident in the rate of change of 
the water level increase ~ 24 hours prior to landfall. 
Note that, as the winds were offshore at Onslow 
when the TC Olivia crossed the shoreline, a 
negative storm surge was present (Figure 6). 
 

 
 
Figure 4   Schematic of the mechanics of forerunner 
formation in the northern hemisphere. When the typhoon 
is far from the coast, shore parallel winds and alongshore 
currents drive an onshore Ekman flow increasing the 
water level at the coast.  
 

 
 
Figure 5   Tracks of tropical storms Olivia and George and 
location of water level stations. 
 
Output from a coupled wave-surge model [4,8] is 
used to demonstrate the formation of the forerunner 
during TC George in 2007 (Figure 7) that had track 
similar to that of TC Olivia but crossed the coast to 
the east of Port Hedland (Figure 5). An increase in 
mean water level (~0.4 m) along the coast due to 
the forerunner was predicted 26 hours before the 
landfall of the storm (Figure 7). 

 
Figure 6   Time series of measured (black line) and low 
passed filtered water levels during TC Olivia. 
 

 
 
Figure 7   Demonstration of the forerunner during TC 
George using a numerical model. The arrow indicates the 
eye of cyclone and the increase in water level extends up 
to 750 km along the coast (Broome to King Bay). 
 
2.2  Meteorological tsunami 
Neglecting non-linear, Coriolis, friction terms, 
equation (1) may be written as [15]: 
 
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

= −𝑔𝑔∇𝜼𝜼 + 1
𝜌𝜌
∇𝑷𝑷𝑨𝑨            (4) 

 
For an atmospheric pressure jump travelling along 
the x-axis in a one-dimensional basin, with speed, 
V, the solution is [19]: 
 
 𝜂𝜂(𝑑𝑑, 𝜕𝜕) = − 1

𝜌𝜌𝑔𝑔
�𝑃𝑃(𝑥𝑥−𝑉𝑉𝜕𝜕)
1−(𝐹𝐹𝑅𝑅)2 −

𝑃𝑃(𝑥𝑥−𝑐𝑐𝜕𝜕)
2(1−𝐹𝐹𝑅𝑅) −

𝑃𝑃(𝑥𝑥+𝑉𝑉𝜕𝜕)
2(1+𝐹𝐹𝑅𝑅)�                 (5) 

 
Where 𝐹𝐹𝑅𝑅 is the Froude Number (= 𝑉𝑉/𝑐𝑐 with c being 
the shallow water speed 𝑐𝑐 = �𝑔𝑔ℎ  and h the local 
water depth). Williams [19] demonstrated that the 
surface elevation given by equation (5) as a sum of  
3 waves, becomes in the limiting case of 𝐹𝐹𝑅𝑅 = 1, a 
single wave propagating in the x-direction that 
grows with distance.  This is defined as Proudman 
resonance [13, 14, 15]. 
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A meteotsunami of height 0.25 was recorded during 
ex-TC Mangga in May 2020 at Geraldton (Figure 3).  
Meteotsunamis are usually associated with the 
rainbands associated with the cyclone. This is 
because the propagating pressure jump fronts that 
generate meteotsunamis are often associated with 
these rainbands  

 
 
Figure 8   Schematic of Proudman resonance [14]. 
 

 
Figure 9   Meteotsunami associated with Tropical 
Cyclone Bianca in January 2011. The two wave events 
correspond the propagation of the eye past the measuring 
station. 

 
2.3  Continental shelf seiches 
A free oscillation in an enclosed or semi-enclosed 
body of water, similar to the oscillation of a 
pendulum where the oscillation continues after the 
initial force has stopped, is defined as a seiche [11]. 
Once formed, the oscillations are characteristic only 
of the system's geometry (length and depth) and 
may persist for many cycles before decaying under 
the influence of friction or energy leakage. The 
simplest model of a continental shelf seiche is a 
standing wave with an anti-node at the shoreline 
and a node at the shelf edge (Figure 10). For a 
seiche the dynamics are such that it is balance 
between sea level gradient and acceleration [16]:  
 
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

= −𝑔𝑔∇𝜼𝜼    (6) 
 
Which can also be written for a one dimensional 
system (c being the wave celerity): 
 
𝜕𝜕2𝜂𝜂 
𝜕𝜕𝜕𝜕𝟐𝟐

− 𝑐𝑐2 𝜕𝜕
2𝜂𝜂 
𝜕𝜕𝜕𝜕𝟐𝟐

= 0  (7) 
 

This also allows for the period of the seiche to be 
given by derived and referred as Merian’s formula 
[16]: 
 
𝑇𝑇𝑛𝑛 = 4𝐿𝐿

𝑛𝑛�𝑔𝑔ℎ
 (8) 

 
 
Figure 10   Schematic of a continental shelf seiche with 
an anti-node at the shoreline and a node at the shelf edge. 
L is the width of the shelf and h is the water depth. 
 
For a continental shelf width of ~80 km and mean 
water depth of 50 m (similar to Port Hedland and 
Geraldton), equation 8 yields, for mode 1 (n=1) a 
period of ~4 hours. Time frequency plot of water 
levels recorded at Port Hedland shows almost 
continuous energy at the 4 hour period 
corresponding to the continental shelf seiche 
(Figure 11). 

 
Figure 11   Time-frequency (in log scale) plot of water 
levels recorded at Port Hedland in 2017. Energy at the 4 
hour continental shelf seiche is shown as well as the 
tropical lows (labelled as 14 U, 15 U, 22 U and 27 U) at 
increased energy along the whole spectrum. Major tidal 
periods are also shown.  
 
2.5  Coastally trapped waves 
A coastally trapped wave is defined as a wave that 
travels parallel to the coast, with maximum 
amplitude at the coast and decreasing offshore. 
Examples of these waves include continental shelf 
waves (CSWs), edge waves and internal Kelvin 
waves [9], which are governed through vorticity 
conservation [5]. The governing equations are 
 
𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕
− 𝑓𝑓𝒌𝒌 × 𝒖𝒖 = −𝑔𝑔∇𝜼𝜼  (9) 

 
With the dispersion relation given by: 
 
𝜔𝜔3 − [𝑓𝑓2 + (2𝑛𝑛 + 1)𝑔𝑔𝑔𝑔𝑔𝑔]𝜔𝜔 − 𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔 = 0               (10) 
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With the wave number 𝑔𝑔 = 2𝜋𝜋

𝐿𝐿
 and angular 

frequency, 𝜔𝜔 = 2𝜋𝜋
𝑇𝑇

. In the case of rotation (|𝑓𝑓| ≠ 0) 
the wave is defined as a continental shelf wave with 
the surface form given by  
 
𝜂𝜂𝐸𝐸 = 𝜂𝜂0𝑒𝑒−𝑓𝑓𝜕𝜕 �𝑔𝑔ℎ⁄ cos(𝑔𝑔𝑘𝑘 − 𝜔𝜔𝜕𝜕)                            (11) 
 
In the case 𝑓𝑓 = 0, an edge wave develops with the 
surface form given by 
 
𝜂𝜂𝐸𝐸 = 𝑎𝑎𝑛𝑛𝐿𝐿𝑛𝑛(2𝑔𝑔𝑘𝑘)𝑒𝑒−𝑘𝑘𝜕𝜕 cos(𝑔𝑔𝑘𝑘 − 𝜔𝜔𝜕𝜕)                       (12) 
 
Continental shelf waves (CSW) travel with the coast 
to the left (right) in the southern (northern) 
hemisphere. Along the Australian coast, shelf 
waves propagate anti-clockwise relative to the 
landmass. Edge waves, in contrast can travel in 
either direction. The propagation of coastally 
trapped waves after landfall of a tropical cyclone is 
such that edge waves travel in both directions whilst 
the CSW travel with the coast on the left hand side 
(Figure 12). The generation of CSW by tropical lows 
at Port Hedland is can be seen on Figure 11.  During 
the period of measurements Port Hedland there 
were no tropical cyclones in the region but there 
were 4 tropical lows (14U, 15U, 22U and 27U) that 
increased energy across the whole spectrum but 
noticeably at period > 24 hours. The log frequency 
represents a 5-day period which is also the period 
of mode 1 CSW in the region. Note that the highest 
energy was associated with 14U where a resonance 
condition was reached with the translation speed of 
the storm (parallel to the coast) close to the 
propagation speed of the CSW [14]. 
 
Water level records (low passed filtered) from 
coastal stations along the west coast of Australia 
show the propagation of the CSW along the coast. 
Time lags of ~48 hours between Exmouth and 
Carnarvon and ~72 hours between Exmouth and 
Jurien Bay represent propagation speeds of 5.2–5.8 
ms-1 similar to that reported by Eliot and Pattiaratchi 
[3]. 
 
 

 
Figure 12   Schematic of the propagation of coastally 
trapped waves after landfall of a tropical cyclone. Edge 

waves travel in both directions whilst the CSW travel with 
the coast on the left hand side. 
 

 
Figure 13   Time series of low pass filtered (> 36 hour) 
water levels from Western Australia associated with the 
passage of tropical low 14U in January 2017. The vertical 
arrows indicate peaks in water levels. 
 

 
 
Figure 14   Predicted water levels at the coast during TC 
George land fall to the east of Port Hedland showing the 
positive and negative storm surge. 
 
When a tropical cyclone makes landfall positive and 
negative storm surges are generated (Figure 14). In 
the case of north-west shelf, positive (negative) 
water levels are generated east (west) of the 
landfall. These changes in water levels propagate to 
the east and west when forcing from the TC 
decrease. Thus the edge wave that propagate to the 
east is an elevation wave whilst the CSW that 
propagate to the west is a depression wave (Figures 
13 and 15). 

 

 
 
Figure 15   Predicted water levels after TC George land 
fall showing the propagation of edge waves (black 
arrows). The red arrow location of landfall to the east of 
Port Hedland.  
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The propagation of edge waves in both directions 
can also be identified from tide gauge 
measurements. Wavelet analysis of the residual 
(i.e. tide removed) water level records from Broome, 
Port Hedland and Cape Lambert indicated the 
presence of edge waves at 6 hour period during TC 
George (Figure 16). The landfall of TC George was 
close to Port Hedland (Figures 5 and 14). At Broome 
there is energy at the 6 and 12 hour periods (Figure 
16) with the latter due to tide-surge interaction that 
results in changes to the local tide [20]. The energy 
at the 6 hour period is due to the edge wave. 
Examining the time lag between Port Hedland and 
Broome (distance 500 km) yields the speed of the 
wave at 10 ms-1. The energy at 6 and 12 hour 
periods were also present at Port Hedland and 
attributed to tide-surge interaction and edge waves. 
Energy at the 6 hour period at Cape Lambert was 
due to the edge wave propagating to the west with 
a speed of 10 ms-1 (Figure 16). 

 
Figure 16   Time series of energy from wavelet (Morlet) 
transforms of measured water levels at Broome, Port 
Hedland and Cape Lambert in March 2007 during TC 
George. 
 
3. Summary  
Examining water levels records from measurements 
and numerical model output from Western Australia 
allowed us to examine the physical processes that 
influence the non-tidal water level associated with 
storms systems. Examining the theoretical 
background we demonstrated that the water level 
changes forced by storm systems can persists for 
up to 14 days, beginning 3–4 days prior to storm 
landfall and ceasing up to 10 days after landfall. The 
components of a storm surge include: (1) 
forerunner, an increase in the mean water level up 
to several days prior to storm landfall; (2) 
meteotsunami; (3) direct storm surge due to 
pressure, wind and wave set-up; (4) continental 

shelf seiches; (5) edge waves with periods of ~six 
hours, that move both directions along the coast; 
and, (6) continental shelf waves, which propagate in 
a single direction with the coast on the left. 
 

 
 
Figure 17   Schematic of the spatial distribution of water 
level changes and local influence due to a tropical storm 
(tropical lows and cyclones). 
 
In addition to the time duration of up to 14 days, the 
influence of a storm can influence the local 
processes up to 4000 km from the landfall from the 
system (Figure 17). The forerunner, generated 
before the landfall, can influence the water levels up 
to 500 km along the shoreline (Figure 7). The direct 
storm surge due to pressure, wind and wave set-up 
is more localised (Figure 14).  The edge waves can 
travel up to 500 km (Figures 15 and 16) whilst the 
CSW’s can travel up to 4000 km [3]. 
 
The CSW have significant influence on the local 
shelf circulation through reversals in current 
directions over periods of ~10 days. They also 
generate eddies through shear between the shelf 
currents and the Leeuwin Current [2].  Due to low 
frequency nature of the water level changes they 
propagate into estuaries and tidal inlets causing 
changes to the propagation of the salt wedge [12]. 
 
In this paper, we have described different physical 
processes that contribute to the non-tidal water 
levels generated by tropical storms. A prior 
knowledge of these processes and their time and 
spatial scales will allow for the better prediction (say 
through numerical simulations) and also for better 
planning and response to these systems. 
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Abstract 
Seismic design of steel sheet piles is frequently carried out using the pseudo-static design approach based on 
the Mononobe-Okabe method, due to its ease of use. However, this design approach often yields very 
conservative results when compared to the more advanced dynamic design using Finite Element Modelling 
(FEM). The detailed FEM analysis is known for its ability to capture the physical phenomena resulting from the 
complex soil-structure interaction during an earthquake [9][10]. 
 
This paper presents the results of a study contrasting the pseudo-static design method, using Mononobe-
Okabe formula, with the dynamic FEM design method for sheet piles design. For that purpose, 11 cases 
crossing different seismic and soil conditions and various water depths were considered in order to provide a 
comparison between the calculation methods. 
 
The consequent results show that all the studied cases provide substantial optimization potential when using 
the FEM design. The bending moments in pseudo-static design are up to 126 % higher than the FEM design. 
When considering the respective sheet pile sections, the resulting material cost savings are up to 48 %. In 
addition, FEM calculation offers a design solution for those seismic levels that surpass the mathematical 
limitation of the conventional method. Furthermore, the dynamic analysis proves that hydrodynamic pressures 
do not have a great contribution to the internal forces on the sheet pile. 
 
Keywords: sheet piles, seismic, dynamic, FEM calculation 
 
1. Introduction 
Steel sheet piles are widely used in a variety of 
structures: quay walls and breakwaters in harbours, 
bank reinforcements on rivers and canals, and 
urban infrastructures such as underpasses and 
bridge abutments. Sheet piles are also used in 
seismic areas, they have shown their excellent 
performance when suffering some of the strongest 
earthquakes. In Chile, many of the earthquakes that 
hit the country in the last decade caused severe 
damages to the concrete-based ports of the 
country. The port of Mejillones, that was constructed 
in 2003 using steel sheet piles [1] (the combined 
wall HZ/AZ for the quay wall and the AS 500 straight 
web sheet piles for the breakwater), suffered no 
damages throughout many heavy earthquakes with 
magnitude of up to 7.7. In Japan, following the 9.1 
magnitude Tohoku earthquake (2011), a double 
sheet pile structure used as a temporary cofferdam 
in Kamaishi Iwate is reported to have survived the 
earthquake and the resulting tsunami, while the 
concrete dykes protecting the city were devastated. 
 
Although sheet piles have proven their performance 
under earthquake loading, a reluctance to use sheet 
piles in seismic areas remains among some 
designers. This concern may come from their 
experience of conventional design methods which 
do not favour flexible walls in seismic conditions. 
These design methods are usually based on 
pseudo-static calculations using the Mononobe-

Okabe theory [2][3][4][5]. Today, fostered by the 
access to powerful computers, Finite Element 
Modelling (FEM) gives the possibility to carry 
dynamic calculations that can accurately predict the 
sheet piles’ response when undergoing different 
seismic loadings. These calculations allow an 
optimization of the sheet pile solution therefore 
reducing the amount of steel needed and the 
associated costs.  
 
Optimising and reducing the steel needed is 
important to achieve sustainable solutions. Along 
with reusing and recycling, the three form a solid 
base to reach sustainability. This also comes with 
the development of new innovative solutions such 
as EcoSheetPileTM and EcoSheetPileTM Plus both 
developed by ArcelorMittal, under the XCarb 
initiative, to reduce the environmental impact of 
steel sheet piles. The new EcoSheetPileTM Plus is 
manufactured using 100% recycled material and 
using 100% renewable electricity. 
 
Aiming to optimize sheet pile solutions, this paper 
presents a study on the seismic design approaches 
in order to stand out the feasibility of sheet piles 
under certain seismic scenarios.  
 
2. Study framework 
This section defines the framework of the study, 
listing the assumptions under which the 
investigation is carried out.  
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2.1 Study cases 
First, this study analyses the contribution of the 
hydrodynamic loads to the seismic design of sheet 
piles. This investigation is performed in section 4.1. 
Additionally, a parametric study is performed where 
the pseudo-static approach and the dynamic 
approach are compared.  The cases of the study 
cover 3 main situations sub-divided to 11 sub-
cases: 
 
• Case 1: dense sandy soil, low acceleration 

level (0.10g) and two different seabed levels. 
• Case 2: dense sandy soil, two seismic action 

levels, medium (0.30g) and high (0.40g), and 
four different seabed levels. 

• Case 3: clayey silty soil, high acceleration level 
(0.50g) and one seabed level. 

 
The particular design features for each case are 
indicated below: 

Table 1. Cases of study for the parametric case.  

  Soil Seabed 
level 

Peak 
Ground 

Acceleration 
(PGA) 

Spectra 
(EN1998) 

Case 1 
C-1.1 Sand -7.5 0.10g Type 2 

C-1.2 Sand -9.5 0.10g Type 2 

Case 2 

C-2.1.1 Sand -7.5 0.30g Type 1 

C-2.1.2 Sand -9.5 0.30g Type 1 

C-2.1.3 Sand -11.5 0.30g Type 1 

C-2.1.4 Sand -13.5 0.30g Type 1 

C-2.2.1 Sand -7.5 0.40g Type 1 

C-2.2.2 Sand -9.5 0.40g Type 1 

C-2.2.3 Sand -11.5 0.40g Type 1 

C-2.2.4 Sand -13.5 0.40g Type 1 

Case 3 C-3 Soft -9.5 0.50g Type 1 
 

 
Figure 1. Geometric and soil definition for the cases of 
study.  

2.2 General conditions 
The study considers the following geometry and 
general conditions: 
• Ground level at +4.0 m; 
• Water level at +0.0 m; 
• Seabed levels: -7.5 m, -9.5 m, -11.5 m, -13.5 m; 
• Live load on top of the surface: 20 kN/m2; 
• Front main sheet pile wall anchored to a passive 

sheet pile wall with conventional tie rods; 
• Distance between the main wall and the anchor 

wall: 40.0 m; 
• Tie rods every 1.4 m 
 
2.3 Soil profiles 
The study considers two soil profiles with one soil 
layer along the whole depth of each geotechnical 
profile. The soil layer is either a sandy soil or a clay 
soft soil whose properties are provided in Table 2.  
 
Table 2. Soil properties for each soil profile 

 General parameters 

 Sand Soft soil  

𝛾𝛾𝑑𝑑𝑑𝑑𝑑𝑑 19 19 kN/m3 

𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠 21 19 kN/m3 

𝛾𝛾′ 11 9 kN/m3 

𝜙𝜙 32.5 25 º 

𝑐𝑐’ 0 5 kPa 

 Static parameters 

𝐸𝐸50
𝑑𝑑𝑟𝑟𝑟𝑟 20000 12000 kPa 

𝐸𝐸𝑜𝑜𝑟𝑟𝑑𝑑
𝑑𝑑𝑟𝑟𝑟𝑟 16000 9600 kPa 

𝐸𝐸𝑢𝑢𝑑𝑑
𝑑𝑑𝑟𝑟𝑟𝑟 60000 36000 kPa 
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𝑚𝑚 0.5 0.5 - 

 Dynamic parameters 

𝐺𝐺𝑚𝑚𝑠𝑠𝑚𝑚 93502 67500 kPa 

𝛾𝛾0.7 0.0002 0.0002 - 

 Modulus of subgrade reaction 

𝑘𝑘 5000 2500 kN/m2/m 
 
2.4 Seismic accelerations and seismic action 
The seismic sheet pile design investigation 
considers four levels of seismic action: 
• Low level (PGA = 0.10g); 
• Medium level (PGA = 0.30g);  
• Medium - high level (PGA = 0.40g); and 
• High level (PGA = 0.50g) 

 
Time-acceleration histories are used for the 
definition of the seismic action. Three seismic 
signals are used:  
• The LGPC signal from 1989 Loma Prieta 

earthquake (USA); 
• The L’Aquila – V. Aterno – F. Aterno signal 

from 2009 L’Aquila earthquake (Italy); 
• The Jensen Filter Plant Generator Building 

signal from the 1994 Northridge earthquake 
(USA). 

 
The signals originate from outcrop motions, they are 
slightly modified in the frequency domain so that 
their response spectrum matches a soil Type B 
spectrum of EN 1998-1 [6] and they are scaled to 
the corresponding PGA. Spectrum Type 1 is used 
for medium and high acceleration levels whereas 
Type 2 is used for low acceleration level as 
suggested by EN 1998-1 [6]. 
 
On the other hand, the pseudo-static approach uses 
the Mononobe-Okabe formula [2][3][4] for defining 
seismic action.  
 
The hydrodynamic pressure is introduced in the 
design using the Westergaard formula [8].  
 

𝑞𝑞(𝑧𝑧) = 7
8
𝑘𝑘ℎ · 𝛾𝛾𝑤𝑤 · √ℎ · 𝑧𝑧  (1) 

where:  
q(z): hydrodynamic pressure at z depth;  
kh: horizontal seismic coefficient;  
γw: specific weight of water;  
h: free water height;  
z: vertical downward coordinate with the origin at the 
water surface.  
 
The horizontal seismic coefficient is expressed as: 

𝑘𝑘ℎ = 𝛼𝛼𝛼𝛼
𝑑𝑑

  (2) 
where: 
α: PGA of the seismic action expressed in terms of 
gravity;  
S: soil amplification factor according to EN 1998-1  
[6];  

r: reduction factor equal to 1 for hydrodynamic 
pressures.  
 
3. Study methodology 
The study mainly carries out the seismic sheet pile 
design through: 
• Pseudo-static approach [7] using RIDO 

software, and 
• FEM dynamic approach [9][10] using Plaxis 2D 

software.  
 
The next sections indicate the main modelling 
features for each type of seismic calculation. 
 
3.1 Pseudo-static approach 
Seismic pseudo-static design is performed by 
means of RIDO software using the Subgrade 
Reaction Modulus Method (SGRM). The 
geotechnical profile and the sheet pile system 
characteristics are entered into the model by using 
the software functions. With this information, the 
software automatically computes soil and water 
pressure. In the seismic calculation phase, the soil 
pressure coefficients need to be updated 
accordingly. Some considerations deserve to be 
pointed out: 
 
• Seismic situation considers soil-structure 

friction angle equal to ±1/3Φ for active and 
passive pressures.  

• Surface live load is entered in the model as a 
surcharge load.  

• Westergaard load is imposed in the software 
as a linear load along the free height of the front 
sheet pile. It considers a linear simplification of 
the Westergaard parabolic function. A 
discussion on the Westergaard load is 
performed in section 4.1. 

 
3.2 Dynamic approach 
The dynamic analysis uses PLAXIS 2D FEM 
software which is widely used for solving 
geotechnical engineering issues. The seismic 
action is defined using time-acceleration histories in 
order to analyse the geotechnical and structural 
behaviour of the sheet pile system. 
 
The FEM dynamic model is set with a mirrored 
geometry to examine the effect of inherent 
asymmetry of the accelerogram in one calculation. 
In addition, the lateral boundary conditions are 
selected as “Tied degrees of freedom” and the 
bottom condition as “Compliant base” [11] to ensure 
a proper absorption of the waves moving out of the 
model.  
 
The seismic action is introduced at the base of the 
calculation model as imposed displacement with an 
associated time-acceleration history. An initial 
displacement factor of 0.5 (in Plaxis, ux,start,ref) is 
applied to the signal aiming to consider only the 
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upward waves since the outcrop signal contains 
both the upward and the downward waves.  
 
In reference to the soil characterization, the soil 
constitutive model selected for the dynamic FEM 
calculation is the Hardening Soil Small Strains 
(HSSmall) [11] model with undrained conditions 
(Undrained A). Furthermore, the soil-structure 
interaction is accounted for through the Rinter factor, 
which is equal to 2/3.  
 
Besides, the sheet pile system uses plate elements 
for the definition of sheet piles and node-to-node 
anchors for the tie rods.  
 

4. Results and discussion 
The study first analyses the contribution of the 
hydrodynamic pressures on the seismic sheet pile 
design aiming to point out the differences when 
dealing with a pseudo-static approach or FEM 
dynamic approach. Then, a parametric study 
varying some features of the design carries out a 
comparison between both design approaches, with 
a special focus on the results obtained using the 
NTC 2018 Italian standard [12]. 
 
4.1 Hydrodynamic water pressure 
The hydrodynamic pressures for a seismic sheet 
pile design can be introduced using the 
Westergaard expression (Eq. (1)). However, this 
expression leads to a constant force while the 
nature of that pressure is related to a dynamic 
signal. Hence, aiming to establish how this constant 
Westergaard pressure is representative during the 
whole duration of a seismic action, the study carries 
out a Computational Fluid Dynamics (CFD) 
calculation.  
 
The CFD calculation aims to solve the fluid problem 
of seismic sheet pile design whereas the Plaxis 2D 
model solves the soil problem. For that purpose, 
CD-adapco® STAR-CCM+® software performs a 
CFD model aiming to investigate the hydrodynamic 
pressures from the seawater on the front sheet pile 
wall during a seismic event. A seismic calculation in 
Plaxis 2D provides the displacement on the front 
sheet pile that serves as input of the CFD model. 
Those displacements are imposed on a rigid plate, 
which simulates the front sheet pile, in order to 
enforce the plate to move towards the water and, 
therefore, simulate the hydrodynamic pressure 
during the earthquake. 
 
In order to investigate the resulting hydrodynamic 
pressures of the CFD calculation, they are 
compared with: 
• The pressure computed with the peak ground 

acceleration (PGA). This value is denoted as 
the “Traditional Westergaard”. 

• The pressure computed with the acceleration 
at each interval of time. This value is denoted 
as the “Instantaneous Westergaard”. 

 
Figure 2 shows the results at a certain time interval: 

 
Figure 2. Simulation of hydrodynamic water pressure by 
CFD model.  

These results show that the hydrodynamic 
pressures obtained using the CFD model fit the 
“Instantaneous Westergaard” load, meaning that 
the maximum hydrodynamic pressure due to the 
earthquake is just developed at certain 
milliseconds. Hence, during the remaining time of 
the seismic motion, the hydrodynamic pressures will 
clearly be lower than the “Traditional Westergaard” 
that can be considered an envelope of 
hydrodynamic pressures. This demonstrates that 
introducing the hydrodynamic pressures using the 
“Traditional Westergaard” load, as a static load in a 
dynamic calculation, will result in a very 
conservative approach since it is not constant in 
time because of its proportionality to the seismic 
acceleration.  
 
Knowing the instantaneous nature of the 
Westergaard pressure, the study opts to implement 
that behaviour on the seismic sheet pile design. The 
Westergaard load defined in section 2.4 for the 
dynamic analysis is affected by a load dynamic 
factor 𝛽𝛽𝑖𝑖 at each time interval of the seismic action 
to account for the instant value of the hydrodynamic 
pressure. This factor is defined as: 

𝛽𝛽𝑖𝑖 = 𝑠𝑠𝑖𝑖
𝑃𝑃𝑃𝑃𝑃𝑃

  (6) 
Where  
𝑎𝑎𝑖𝑖: acceleration at time interval 𝑖𝑖;  
𝑃𝑃𝐺𝐺𝑃𝑃: Peak Ground acceleration.  
 
The study evaluates the effect of the hydrodynamic 
pressure by comparing the bending moments on the 
sheet piles under the following scenarios: 
• Just seismic action (S) 
• Seismic action combined with Traditional 

Westergaard pressure (S + Trad.West) 
• Seismic action combined with Instantaneous 

Westergaard pressure (S + Inst.West) 
 
Comparing both Westergaard approaches to the 
results without consideration of hydrodynamic 
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loads, the study finds that accounting for the 
instantaneous behaviour of the hydrodynamic 
pressure shows a limited impact on the sheet pile 
since maximum hydrodynamic water pressures just 
act during certain instants of the earthquake. The 
results point out that the Traditional Westergaard 
represents an increment of 24.5% of bending 
moments whereas for the Instantaneous 
Westergaard it is only 3.9%. These results are in 
line with findings of Gazetas (2016) [9][10] which 
found that the increment associated to 
hydrodynamic pressures when using an added 
mass method was approximately 5%.  

Table 3. Sensitivity analysis on the bending moments due 
to the Westergaard pressure. 

 Bending 
moment Relative increment 

 kNm/m % 

Seismic 1761 - 

S + Trad. West 2193 24.5% 

S + Inst. West 1830 3.9% 
 

4.2 Pseudo-static vs dynamic method 
After performing a study on the hydrodynamic 
loads, the investigation carries a parametric study 
for different cases in order to evaluate the pseudo-
static and dynamic approaches under different 
conditions. For these evaluations the pseudo-static 
factors are defined as per EN 1998-5 [7]. The 
hydrodynamic water pressures are not considered 
due to the low impact on the seismic design as 
explained in section 4.1. 
 

4.2.1 Case 1 
In this case, a PGA of 0.10 g is considered in a 
sandy soil profile. The seabed level is at -7.5 m in 
case 1.1 and at -9.5 m in case 1.2. The seismic 
calculations are performed under both design 
methods: the pseudo-static method using a seismic 
coefficient kh equal to 0.075, and the dynamic 
method. The structural resistance of the front sheet 
pile wall is assessed in terms of bending moments. 
 
The results show that SGRM pseudo-static 
calculations overestimate largely the bending 
moments, whereas the FEM dynamic calculations 
allow the optimization of the sheet pile solution, that 
can be directly translated into material cost savings. 
 

 
Figure 3. Results for Case 1 under pseudo-static and 
dynamic approaches.  

Reduction on the length and the sheet pile’s section 
due to lower bending moments leads to cost 
savings of 10% (case 1.1) and 22% (case 1.2).  
 

4.2.2 Case 2.1 
In this case, a PGA of 0.30 g is considered in a 
sandy soil profile. The pseudo-static approach uses 
a seismic coefficient kh equal to 0.173. The seabed 
level is at -7.5 m, -9.5 m, -11.5 m, -13.5 m in cases 
2.1.1, 2.1.2, 2.1.3, 2.1.4 respectively. 
 
Again, and as expected, the results show that FEM 
calculations provide always lower bending moments 
compared to the pseudo-static approach. 
 

 
Figure 4. Results for Case 2.1 under pseudo-static and 
dynamic approaches. 

When translated in terms of material costs, 
substantial savings are achieved (up to 48%), as 
shown in Table 4. 
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Table 4. Summary of sheet pile properties for case 2.1. 

PGA 
0.30g 

Pseudo-static (EN 
1998) FEM design Material 

cost 
savings Length Section Length Section 

m - m - % 

C-2.1.1 22.0 AZ 25-800 21.0 AZ 18-800 25 % 

C-2.1.2 26.0 AZ 36-700N 24.0 AZ 22-800 34 % 

C-2.1.3 30.0 AZ 52-700 27.0 AZ 30-750 48 % 

C-2.1.4 35.0 HZ 1080M C-
12/ AZ 25-800 29.0 AZ 42-700N 46 % 

 
4.2.3 Case 2.2 
In this case, a PGA of 0.40 g is considered in a 
sandy soil profile. The pseudo-static approach uses 
a seismic coefficient kh equal to 0.230. The seabed 
level is at -7.5 m, -9.5 m, -11.5 m, -13.5 m in cases 
2.2.1, 2.2.2, 2.2.3, 2.2.4 respectively. Again, FEM 
calculation provides lower internal forces than 
Eurocode pseudo-static approach. 
 

 
Figure 5. Results for Case 2.2 under pseudo-static and 
dynamic approaches. 

For the 4 studied subcases, the FEM design 
provides a substantial optimization of the sheet pile 
solution. The subsequent material cost savings are 
up to 41 % for this case. 
 

4.2.4 Case 3 
This section studies the seismic situation with a 
PGA of 0.50 g in soft soil conditions. Under these 
conditions, the Mononobe-Okabe formula does not 
provide a solution, due to mathematical limitation 

related to the seismic coefficient value (kh = 0.288). 
Consequently, the FEM dynamic calculation can 
provide a design for high seismic actions in soft soil 
conditions whereas the SGRM pseudo-static 
approach is not adequate for carrying out a seismic 
design under such conditions. In this case, the front 
sheet pile solution is: 
 

 
Figure 6. Results for Case 3 under dynamic approach. 

 
4.3 Results using NTC 2018 standard 
In a similar line as Eurocode 1998-5 [7], the Italian 
standard NTC 2018 [12] proposes some 
amendments to the definition of the horizontal 
seismic coefficient. According to this standard, the 
seismic coefficient is defined as: 
 

𝑘𝑘ℎ = 𝛼𝛼 · 𝛽𝛽 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚
𝑔𝑔

  (3) 
𝑎𝑎𝑚𝑚𝑠𝑠𝑚𝑚 = (𝑆𝑆𝑠𝑠 · 𝑆𝑆𝑇𝑇) · 𝑎𝑎𝑔𝑔 (4) 

 
Where: 
𝛼𝛼: factor to account for the deformability of the soil; 
𝛽𝛽: factor to account for the deformability of sheet 
piles; 
𝑎𝑎𝑔𝑔: PGA of the seismic action;  
𝑔𝑔: standard acceleration due to gravity;  
𝑆𝑆𝑇𝑇: topographic factor; 
𝑆𝑆𝛼𝛼: soil amplification factor. 
 
In Figure 7: 
H is the total free height of the retaining wall; 
us is the maximum permanent displacement of the 
retaining wall. 
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Figure 7. Definition of α factor depending on the free 
height and the type of soil (top) and definition of β factor 
depending on the allowable displacements (bottom). 
Source: NTC 2018 [12]. 

In order to show the differences that result from 
considering NTC 2018 instead of EN 1998-5 for the 
pseudo-static design, two study cases are selected: 
C.2.1.2 and C.2.1.3. The bending moment 
comparison is shown in Figure 8. 
 

 
Figure 8. Comparison between the resulting bending 
moments for cases 2.1.2 and 2.1.3. In blue: the dynamic 
approach, in green: the pseudo-static approach using 
EN1998-5 and in orange: the pseudo-static approach 
using NTC 2018. 

 
The previous results show that although following 
the pseudo-static approach, the NTC 2018 
formulation of the seismic coefficient allows for a 
better adjustment of the seismic action. Firstly, the 

soil amplification factor (𝑆𝑆𝛼𝛼) is not a constant value 
as in EN 1998-5, it has a certain dependency on the 
peak ground acceleration value of the seismic 
action. Secondly, 𝛼𝛼 and 𝛽𝛽 parameters allow to 
consider the deformability of the sheet pile system. 
Consequently, NTC 2018 provides reduction factors 
higher than EN 1998-5 since they can be better 
adjusted to the design case by taking into account 
the allowable displacements and the free height of 
the sheet pile. As a result, the NTC 2018 pseudo-
static approach has a smaller difference with the 
dynamic results when compared to EN 1998-5 
approach.  
 
5. Conclusions 
This study demonstrates that FEM dynamic 
analysis can improve the sheet pile solutions that 
have to perform well under a seismic situation. The 
traditional pseudo-static methods may become 
conservative or not even provide a solution (when 
the Mononobe-Okabe formula reaches its 
mathematical limitation).  
 
Aiming to evaluate the different approaches for the 
seismic design of sheet piles, the study has 
conducted a first investigation on the treatment of 
hydrodynamic loads. The Westergaard formulation 
considers a constant value although the 
hydrodynamic pressure has a dynamic nature. 
Hence, the FEM dynamic calculation is able to 
account for the instantaneous behaviour of that 
water pressure leading to a limited impact on the 
seismic sheet pile design. 
 
Also, the study has provided a comparison between 
EN 1998-5 and NTC 2018 approaches for defining 
the pseudo-static seismic factor. NTC 2018 has 
provided a more precise seismic factor thanks to a 
better consideration of the deformability of the sheet 
pile system.  
 
Finally, a parametric study was conducted on 
various cases, considering different seismic actions 
with a PGA from 0.10 g to 0.50 g, and seabed levels 
from -7.5 m to -13.5 m. All the cases have used 
sandy soil conditions except for one case which 
used a clayey silty soil. Also, the study has assumed 
no liquefaction and scouring risk. The investigation 
results show that the FEM dynamic analysis 
provides lower values of design forces which is 
more realistic as being witnessed in experimental 
studies (centrifuge testing) and real seismic events, 
and thus leads to a substantial optimisation of the 
sheet pile solution. Moreover, the Mononobe-Okabe 
formula is not suitable for high seismic actions 
especially in soft soil conditions, as it reaches the 
limits of its application spectrum. Hence, in terms of 
cost savings, FEM dynamic approach can provide 
up to 20% reduction for low seismic levels while for 
high seismic demand the cost optimization might 
range between 40% and 50%.  
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Abstract 
After damage to the Port Kembla facilities due to storm waves in June 2016 Manly Hydraulics Laboratory 
(MHL) was commissioned by Sydney Water to provide specialist professional services for a coastal protection 
revetment at the Sydney Water Storm Plant facility at Red Point peninsula (Port Kembla, NSW). The 
commission entailed the evaluation of various concept designs and detailed design utilising a 3D physical 
model, a Boussinesq numerical wave transformation model and the preparation of design drawings and 
technical specifications. It also included supervision of an external geotechnical contractor through continuous 
monitoring of the construction process using RPA (remote piloted aircraft or drone) surveys-based 3D digital 
surface models and still camera photography. The still camera photography monitored an extreme event where 
offshore waves exceeded 7m (June 2019) during construction and tested the efficacy of the design. In addition, 
MHL undertook the technical certification of the design based on data collected from drone-based audits and 
site visits. It was found that drones can be a valuable tool for coastal project monitoring and for supervision of 
works, or to monitor structure performance. 
 
Keywords: Drone, rock revetment, monitoring, coastal structures, photogrammetry, RPA 
 
1. Introduction 
Sydney Water engaged NSW Government’s Manly 
Hydraulics Laboratory (MHL) to develop a coastal 
protection solution in response to shore bank 
erosion at their Red Point, Port Kembla Storm Plant 
(Figure 1). MHL assignments were to develop and 
test a design of the Red Point revetment in MHL’s 
3D wave basin, undertake construction supervision 
using periodic drone surveys and fixed monitoring 
camera and deliver structure certification at the end 
of the construction process.  

 
Figure 1   Severe erosion at Red Point. The toe of 
concrete block wall is exposed with some undermining 
occurring. The foundation of the Chemical Dosing 
building (centre) was also under threat (Source: [1]). 

 
Prior to construction, physical modelling carried out 
by MHL [4] indicated that the initial design of the 
revetment was subject to unacceptable levels of 
overtopping and damage (based on Eurotop 
standards [5]) and hence subsequent testing was 
carried out on a structure with increased crest 
height and berm protection. 

Construction of the revetment started in July 2019 
and it was finished by March 2020. 
 
This paper demonstrates the value of mixed 
monitoring (using drones and fixed cameras) for the 
supervision and certification of coastal 
infrastructures. 

2. Scope of work 
The scope of works undertaken for the study was 
the following: 
 
• Setting up a monitoring program using a fixed 

camera near the study site before the 
commencement of the construction works; 

• Performing regular monitoring surveys using  
small RPAs; 

• Undertaking photogrammetric analysis of the 
RPA data for monitoring works progress and 
certification compliance. 

3. Area of study 
Sydney Water’s Port Kembla Storm Plant is located 
on the Red Point peninsula, about 1km south of Port 
Kembla, NSW. 

4. Methodology 
Monitoring of the construction works were carried 
out using two different approaches, fixed camera 
and drone surveys 

4.1 Fixed camera 
A fixed video camera was installed at Port Kembla 
Marine Rescue base in April 2019 before 
commencement of the works. This location 
completely overlooks Red Point peninsula and 
therefore was a perfect monitoring setting (Figure 2 
and Figure 3). The camera was attached to a mast 
on the roof of the building. The camera used was a 
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high-performance rapid dome network camera that 
is ideal for wide-area surveillance in challenging 
environments. It was armed with a 30x optical zoom 
and it could be set up to deliver images and videos 
in a pre-set routine basis. The camera could be 
accessed remotely using a computer, smartphone 
or tablet to view images and adjust settings. 
 
Since installation, the camera was set to take 
regular pictures (every 10 minutes) of 6 different 
pre-set positions (Figure 4 to Figure 7) to cover the 
whole working site, taking advantage of the 
capabilities of the powerful camera optical zoom.  
 

 
Figure 2   Camera installed on the roof of Port Kembla 
Marine Rescue Base. (Source: [1]). 

 
Figure 3   Camera overviewing Sydney Water Storm  
Plant at Red Point peninsula. (Source: [1]). 

The camera was periodically sending images of the 
structure construction progress to MHL for analysis. 
Potential damaging factors like wave run-up and 
overtopping were recorded; this type of monitoring 

yielded information on the wave attack at structures 
during a single storm event and/or throughout the 
whole revetment construction process. Single storm 
events, structure block assessment, nearshore 
processes etc. were also monitored during the 
camera deployment period. 
 

 
Figure 4   Camera pre-set view – Red Point peninsula. 
(Source: [1]). 

 
Figure 5   Camera pre-set view – Sydney Water Storm  
Plant (Source: [1]). 

 
Figure 6   Camera pre-set view – Chemical dosing 
building (Source: [1]). 

 
Figure 7   Camera pre-set view – NE area (Source: [1]). 

768



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Utilising Time Lapse and Drone Imagery to Audit Construction and Certification of Works for a Coastal Revetment at Port Kembla 
Author Names Pombo Lavin, E., Jayewardene, I., Massih, M. 
 
Time-lapse series on extreme wave and tide events 
and to record events specified by the client during 
the construction works were undertaken. 

4.2 Drone surveys 
Six different drone surveys were undertaken over 
the area of interest for the duration of the 
construction works. 
The flights were about 10 minutes long and at an 
altitude of 50m (Figure 8). Every flight collected 
about 200 images which were postprocessed using 
photogrammetry software (Pix4D Mapper).  
Final outputs from the survey included Digital 
Surface Model (Figure 9), Orthomosaic (Figure 10) 
and realistic 3D model (Figure 11). Contour levels 
were also acquired combining the photogrammetry 
outputs in GIS software (Figure 12). 
 

 
Figure 8   Drone mission planning at Port Kembla Storm  
Plant  (Source: [2]). 

 
Figure 9   Digital Surface Model (DSM) from the drone 
survey data. (Source: [2]). 

 

 
Figure 10  Rectified orthomosaic from the drone survey 
data. (Source: [2]). 

 
Figure 11  Realistic 3D texture model. (Source: [2]). 

 
Figure 12  Contour lines and DSM from the drone survey 
data. (Source: [2]). 

5. Beneficial observations 
5.1 Fixed camera 
Construction methodology 

In August 2019 it was noted that the procedures for 
placing the geotextile around the crest and toe units 
were not correct since the geotextile was not totally 
wrapped around the armour units. This was 
corrected by the contractor. 
Remarkable weather events 

On 4th June 2019, Port Kembla offshore Waverider 
buoy recorded an intense wave event (Figure 13). 
The construction of the revetment had not started 
yet at that time but waves of Hs= 7m were recorded 
and the camera video footage allowed MHL to verify 
the performance of the existing defensive structure 
against rough weather events (Figure 14). 
 

 
Figure 13   Graph showing wave height (Hs - blue) and 
wave direction (DIR - red) during the wave event on the 
4th June 2019. (Source: [1]).  
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Figure 24    Picture corresponding to the wave event on 
the 4th June 2019 (Source: [1]). 

 
At the beginning of the month in February 2020, Port 
Kembla offshore Waverider buoy recorded another 
intense wave event (Figure 15, Figure 16 and 
Figure 17). The construction of the revetment had 
started around 7 months before when it was put to 
test by waves of Hs= 6.2 m, Tp=11 s coming from 
an easterly direction. This storm event was different 
from the previous in June 2019 when waves were 
approaching Red Point peninsula from the 
southeast direction. Given the geographical setting, 
Sydney Water facility is more exposed to waves 
which propagate on an east-west direction and, in 
addition, this event happened to meet high tide 
water levels of 1.5 m (AHD) in the morning of 9th 

February. The video recordings of that day display 
waves running up the revetment and impacting the 
wave deflector which successfully protected  the 
chemical dosing building, proving the efficacy of the 
berm design directly in front of the deflector (Figure 
18). This design had previously been tested in 
MHL’s 3D wave model. There was a good 
comparison during the recorded storm at the wave 
deflector where both in the model and during the 
storm the run up came up to the deflector. 
 

 
Figure 15   Graph showing wave height (Hs) and water 
level (AHD) during the wave event on the 9th February 
2020. (Source: [1]). 

 
Figure 16   Graph showing wave direction (DIR) during 
the wave event on the 9th February 2020. (Source: [1]). 
 

 
Figure 17   Picture corresponding to the wave event on 
the 9th February 2020. (Source: [1]). 

 
Figure 18   Cross section of the revetment return wall  

 
On the 14th  February 2020, the influence of cyclone 
Uesi reached the NSW coastline in form of heavy 
rain and strong winds. Port Kembla offshore 
Waverider buoy recorded waves of Hs= 1.7 m, 
Tp=10 s coming from an easterly direction. This 
event happened to meet tide water levels of 1.6 m 
in the afternoon of 14th Friday. No extreme wave  
events were recorded on photograph during this 
episode. 
 
Time lapse photography 
Time-lapse photography is a technique whereby the 
frequency at which film frames are captured is much 
more spread out than the frequency used to view 
the sequence. When played at normal speed, time 
appears to be moving faster and thus lapsing. With 
time lapse photography sequential photos can be 
captured over a period of days and compressed into 
a video of only a few minutes in length – this allows 
to see a slowly changing scene at a much faster 
pace. 
 
Time lapses were produced for the 6 pre-sets using 
more than 1,000 images for each location from July 
2019 to March 2020 (Figure 19). They allow for the 
viewing of changes over time at different sections of 
the work site (Figure 20 and Figure 21). 
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Figure 19   Time-lapse pictures for pre-set number 4 from 
July 2019 to March 2020 - Working site Chemical Dosing 
building (Source: [1]). 

 
Figure 20   Chemical Dosing building July 2019 (Source: 
[1]). 

 
Figure 21   Chemical Dosing building March 2020 
(Source: [1]). 

5.2 Drone surveys 
The following observations were spotted using 
outputs (pictures, videos and DSMs) from the drone 
surveys: 
• Regular drone surveys (6) provided periodic 

DSM outputs of the construction site. Using the 
DSM and with the aid of GIS software, it was 
possible to estimate surface levels of the 
structure during the construction works (with 
Root Mean Square Error~5cm) and to compare 
those levels against the design specification 
drawings.  

• Sydney Water, construction contractor and 
MHL walked around the site at each of the 6 
drone inspections. 

• Initially the size of the rock placed on the berm 
was not adequate as it was not following design 
specifications. This issue was raised, and the 

situation was corrected by the construction 
contractor. 

• Silt barrier placement and effectiveness were 
monitored during the construction of the 
structure. 

• Geofabric installation underneath the principal 
armour layer was monitored and checked. 

• Placement of small stone on the berm was 
observed and situation was corrected by the 
contractor. 

 
Based on the photographic monitoring, review of 
previous studies, conformance to the relevant 
construction standards, 3D physical modelling 
results and review of the final design drawings, MHL 
provided Coastal Engineering Certification for the 
proposed Port Kembla revetment Construction. The 
structure (Figure 22) is expected to perform 
satisfactorily from a coastal hazard perspective 
under present-day water level and design wave 
height conditions, as well as under future projected 
sea level rise conditions of up to 0.90m. 

 
Figure 22  Finished works at  Port Kembla revetment 
March 2020 (Source: [1]). 

6. Discussion 
Apart from the recurrent on-site walking inspections, 
the time lapse camera in conjunction with regularly 
spaced drone surveys provided a successful means 
for monitoring and auditing the construction of the 
Sydney Water revetment. The following aspects of 
construction and design were observed and 
addressed due to the availability of time lapse 
photos: 
• Access to the site was recorded and monitored 

during the period of construction. 
• Errors in the construction process such as the 

incorrect placement and wrapping of geotextile 
was detected and corrected early in the 
construction. 

• An extreme event recorded in June 2019 prior 
to construction confirmed the necessity of a 
suitably designed revetment to protect valued 
Sydney Water infrastructure such as the 
chemical dosing plant. 
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• The earlier February 2020 extreme wave event 

verified the value of the berm designed to 
reduce overtopping at the wave deflector 
directly in front of the chemical dosing building. 

• The requirement to remove small riprap placed 
on the berm originally to expedite the movement 
of construction machinery to the southern most 
section of the revetment. It was deemed that 
this placement of riprap would decrease 
permeability of the berm and increase runup. 
The contractor was requested to remove the 
riprap prior to commissioning of the structure. 

• It was recommended that the photography be 
continued for a year after commissioning so as 
to monitor the access and use of the structure 
and its response to any extreme events during 
2020/21. 
 

7. Conclusions 
The combination of a fixed camera and regular 
drone monitoring surveys proved to be very 
valuable for the quality control of the revetment 
construction process. The camera was able to 
check the performance of the structure response 
during extreme wave events between pre and post 
construction and to monitor the daily construction 
process. This daily monitoring provided the capacity 
of identifying problems at an early stage saving time 
and resources in the long run. Regular drone 
surveys provided more accurate and specific control 
of the construction process. Design levels and slope 
checks were possible using the 3D DSM outputs 
from the drone surveys  
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Abstract 
There are many coastal structures in urban areas that are approaching the limit of their intended design life. 
These same structures are likely to still be relied upon as key elements of future coastal protection strategies 
as it may be impractical to replace these ‘hard’ structures with ‘softer’ solutions for a range of reasons. In this 
study we investigated how the hydrodynamic climate that impacts a historic structure may be modulated to 
increase structural resilience. Combining 3D reconstruction of the surrounding landscape with high-resolution 
hydrodynamic modelling, we simulated how designs that took inspiration from the surrounding environment 
could be implemented to achieve specific hydrodynamic outcomes. Our proposed approach demonstrates that 
by integrating these new and accessible methods with existing knowledge on the effectiveness of offshore 
breakwaters (both submerged and emergent), we could modulate the hydrodynamic forcing imposed on these 
established structures. This approach not only increases the coastal resilience of existing structures, but it also 
offers new opportunities for ecosystem establishment as well as maintains the natural amenity of the 
surrounding environment. We suggest that this infrastructure design approach may address complex 
challenges in many urban areas. 
 
Keywords: coastal structures, hydrodynamics, coastal hazards, natural landscapes, photogrammetry. 
 
1. Introduction 
Around the world there are many coastal structures 
that are of historical significance or have an 
important connection to the community because of 
their contribution to the local amenity (e.g., masonry 
seawalls or promenades). In other locations, coastal 
structures exist to protect assets in the “coastal 
squeeze”, the zone where coastal assets are in 
close proximity to the coast and are usually difficult 
to relocate. It may be impractical to replace these 
‘hard’ structures with ‘softer’ solutions such as 
vegetation. As these structures age, their 
maintenance requirements increase and often 
become more complex. Furthermore, future 
hydrodynamic forcing is likely to have a substantial 
impact on their structural integrity. An inevitable 
question therefore arises about the future of the 
structure and whether the cost to increase the life of 
the structure can be justified against the often 
reduced cost of completely rebuilding or replacing 
the structure.  
 
There is increasing emphasis on using natural 
ecosystems to provide coastal protection. 
Strategies being considered include the restoration 
of mangroves, sea grasses and reef structures 
(both artificial and species focused such as oyster 
reefs). While many of these strategies are 
appropriate for coastlines where assets are located 
far from the coast, in the urban zone the integration 
of these strategies can be difficult due to the need 
to provide asset protection, reduce coastal hazard 
risk and the maintenance of general amenity. 
Consequently, structures on these coasts continue 
to exist and can often be the most appropriate 
option.  
 

Coastal engineers are thus faced with the need 
develop solutions to mitigate hydrodynamic forces 
on the coastline, while at the same time seeking to 
provide ecosystem services and maintain coastal 
amenity (which an existing structure may in fact be 
a key component). If it is determined that a coastal 
engineering structure is the most appropriate 
solution, the next question to consider is how best 
to design this structure to withstand hydrodynamic 
forces, which in some locations are may increase in 
the future [1]. For a new structure this may be 
relatively easy to achieve, however for historic 
structures this solution may be more difficult. Whilst 
it is appropriate to increase the structural integrity of 
the existing structure, we propose that the focus 
could instead be to reduce the impact loading on the 
structure itself. A logical starting point is the design 
of a submerged or emergent breakwater, which if 
innovated could be designed instead as a platform 
reef or rocky landform.  
 
When a wave intercepts a structure on the seabed, 
wave energy may be reflected, dissipated and some 
may continue to be transmitted beyond the structure 
[2]. This transmission can be quantified using a 
transmission coefficient:  
 

𝐾𝐾𝑇𝑇 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑊𝑊𝑇𝑇𝑊𝑊𝑇𝑇 𝐻𝐻𝑇𝑇𝑇𝑇𝐻𝐻ℎ𝑇𝑇 (𝐻𝐻𝑡𝑡)
𝐼𝐼𝑇𝑇𝐼𝐼𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑊𝑊𝑇𝑇𝑊𝑊𝑇𝑇 𝐻𝐻𝑇𝑇𝑇𝑇𝐻𝐻ℎ𝑇𝑇 (𝐻𝐻𝑖𝑖)

 (1) 

 
This KT will be affected by the elevation of the 
structure with respect to the sea surface [3]. When 
the crest of the structure is below the sea surface 
some transmission may occur (KT may be some 
value from 0 to 1.5), whereas when the crest is 
above the sea surface KT = 0.  
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Considerable research has been undertaken to 
quantify how KT varies for different breakwater 
designs. The key variables have generally been 
found to be the depth of submergence, breaker 
width, wave height and length, as well as the water 
depth [3,4]. Porosity of the structure can also play a 
role. Given the extent of knowledge that has been 
assembled with respect to offshore breakwaters, 
the is an opportunity to innovate the offshore 
breakwater to modulate the incident wave forces 
that impact a coastal protection structure, while also 
incorporating ecosystem enhancement and 
providing resilience to the coast.  
 
In this exploratory study we have taken inspiration 
from the natural landscape surrounding a particular 
site to innovate an offshore breakwater to modulate 
the incident hydrodynamic forcing imposed on a 
historic structure, address climate change 
challenges whilst maintaining a structure that is of 
importance to the local community.  
 
We start in section 2 with an overview of the site and 
the structure in question. In section 3 we present our 
analysis methodology. The results in section 4 
demonstrate the effectiveness of the coastal 
landscapes proposed and the scale required to 
achieve performance. Finally, in section 5 we 
discuss how these coastal landscapes improve 
practice, enhance ecosystems and address a 
complex coastal engineering challenge. We also 
consider the applicability of these solutions to other 
locations.  
 
2. Site Features 
The site on which we based this exploratory project 
is the Black Rock to Beaumaris bluestone masonry 
seawall and promenade (37°58'46.87"S, 145° 
1'2.41"E). This promenade is located on the 

coastline, approximately 20 km from Melbourne in 
Victoria, Australia, and was built as part of a Great 
Depression employment scheme. The seawall was 
constructed to protect the adjacent cliffs from 
erosion, which today are topped with residences 
and a main arterial road. The seawall and 
promenade is constructed from large bluestone 
blocks and mortar. Over recent times, sections of 
this seawall have been subjected to considerable 
wave impacts, which has resulted in some sections 
being substantially damaged.  
 
The seawall and promenade extend into the 
Rickett’s Point Marine Sanctuary, which is known 
for its extensive bird species, diversity of fish, 
sharks and rays, as well as the occasional Rakali. 
There are extensive seagrass beds (Zostera 
muelleri and Zostera tasmanica) as well as rocky 
reefs and bommies that are carpeted in Green 
Caulerpa and tall Brown Sargassum seaweed. 
Within the sanctuary these rocky reefs strongly 
dissipate wave energy and moderate currents. It is 
these rocky reef structures that we have taken 
inspiration from in this exploratory study.  
 
The seawall within the marine sanctuary is mostly 
protected by natural shore attached and detached 
platform reefs composed of Beaumaris Sandstone. 
While further west, outside of the sanctuary, the 
seawall is mostly unprotected, exposed to direct 
wind-generated wave impacts from the west to 
south-west and in front of which very little sand is 
present due to the wall itself. Further west again, a 
small beach is generally present, which exhibits 
seasonal oscillations in shape and width [1]. We 
focus on the section of seawall that is most exposed 
to wave impact, which is also where the greatest 
damage has typically been observed. 
 

 

  
Figure 1   The bluestone masonry seawall and promenade along with the naturally occurring Beaumaris Sandstone 
platform reefs. (left) View towards Quiet Corner, the edge of the Rickett’s Point Marine Sanctuary. (right) Aerial image 
showing the natural features of the site. The seawall and promenade are of particular importance to the community. 
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3. Methods 
3.1 Site characterisation 
We used a dji Phantom 4 drone to undertake an 
aerial survey of the site, including the natural rocky 
platform reefs. Our survey was conducted during a 
spring low tide when these reef structures were 
most exposed. This was important to digitally 
capture the shape and form of these rocky features 
so that they could form the basis of the solution 
proposed. The imagery from the drone survey was 
corrected for quality, georeferenced and analysed 
using Pix4 Photogrammetry software. After quality 
control we used 634 images. Once analysed, we 
converted the data to a point cloud that we then 
subsampled to 20 mm resolution for spatial analysis 
as well as integration into our numerical model. 
 
3.2 Numerical model 
For this exploratory project, we used the Delft3D 
Flexible Mesh model to undertake our analysis. The 
base bathymetry for our model was constructed 
form the Victorian Coastal Nearshore Bathymetry 
[6], which is a LiDAR-derived bathymetry dataset 
with 20 m horizontal resolution. We locally 
enhanced our bathymetry using the point cloud 
dataset obtained in this exploratory project. The 
location of the bluestone masonry seawall and 
promenade was defined using the Victorian Coastal 
Protection dataset [6], while the broader coastline 
was defined using the Victorian 2008 Coastline 
dataset [7].  
 
Our numerical model domain extended 
approximately 700 m offshore of the seawall and 
extended approximate 1000 m along the shoreline. 
Along the coastline the model resolution was 
approximately 5 m, while around the area of 
interest, the model resolution was further refined to 
approximately 1 m resolution. This resolution was 
chosen to ensure that landscape features were 
appropriately captured within the scope of this 
project’s objectives. We note that this resolution is 
greater than the resolution of the underlying 
bathymetry but not our point cloud.  
 
We forced the numerical model with data from a 
Spoondrift Wave Buoy that was deployed nearby 
the site (37.8812°, 145.0239°) in approximately 5 m 
water depth as part of the Victorian Coastal 
Monitoring Program [9]. We considered one forcing 
event, which occurred on the 15 May 2021. During 
this event, waves with a significant wave height (Hs) 
of 2.27 m were measured (Figure 2), which 
represent the typical waves observed near the coast 
during storms. These waves were had short wave 
periods (~6 s) and originated at an angle of ~200 
degrees.  
 
 

 
Figure 2   Incident conditions nearby the site in May 2021. 
We simulated that largest wave condition as this 
represents the typical performance forcing at this location. 

 
3.3 Simulated cases 
We first simulated the existing hydrodynamic 
processes at the site to understand the incident 
forcing conditions at the shoreline. Based on these 
results, we identified the location for our ‘new 
landscape’ which would be most appropriate to 
address the wave impact observed just outside the 
marine sanctuary.  
 
Given the exploratory nature of this project, there 
was no definitive KT that we targeted. The target 
value would most likely be defined based on the 
structural composition of the historic seawall as well 
as acceptable transmission as a consequence of 
future elevation in mean sea level. Instead, we 
scaled our proposed landscapes to approximately 
match the surrounding natural landscape. We used 
a combination of breakwater and reef theory to 
inform our approximate dimensions. We note that 
the dimensions of these landforms could be further 
fine tuned as part of a more rigorous assessment. 
We set the elevation of these landscapes to be the 
average elevation of the surrounding natural reefs. 
 
Given the focus of this exploratory project was to 
demonstrate a new approach to increase the 
resilience of coastal structures through a 
combination of methods and breakwater innovation, 
we only simulated waves and flow. However, we 
recognise that a full assessment of the potential 
impacts including on sediment transport and 
morphology may be required.  
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Figure 3   Point cloud of the site with the natural reefs clearly visible. Note that the point cloud has been decimated by a 
factor of 10 in this figure.  

 
4. Results 
4.1 Site model 
The bluestone masonry seawall and promenade as 
well as the natural rocky nearshore and platform 
reefs are clearly visible in the model of the site. 
Using the data from this model, the reef features 
could be geometrically scaled. Analysis of this 
dataset reveals that the larger reefs are 10-50 m in 
width (parallel to the shoreline) and of similar 
geometric scale in the cross-shore dimension. The 
smaller reefs shown in the bottom of the model are 
narrower (~5 m width). Throughout the site, the 
reefs are no more than 40 m from the coastline; 
several of the reefs are shore attached.  
 
The elevation of the reefs varies. Most extend a 
minimum of ~0.5 m above the sea level during a 
typical low tide with the largest rocky platform being 
up to ~2 m above the sea level. At high tide, many 
of the reefs become at least partially submerged 
with only the larger reefs elements remaining 
exposed. During storm events, we observed that 
these reefs substantially dissipate incident waves 
irrespective of whether they are submerged or 
emergent (not shown).  
 
4.2 Numerical model results 
4.2.1 Existing nearshore processes 
Our numerical modelling reveals that at this site the 
natural reef landscapes can substantially dissipate 
incident waves. The presence of the reef features 
induces a wide range of complex flow patterns at 
the site. For the single incident forcing condition 
considered in this study, the KT varied spatially 
around the area where the natural reefs were 
present with values that ranged from KT = 0 to ~0.5. 
While the emergent reefs were clearly very effective 
at dissipating incident wave energy, even sections 

of reef that were only marginally above or below the 
mean water level were also effective (KT ~0.4). 
 
For the section of the seawall and promenade that 
that has sustained damage and is often exposed to 
incident waves, there was minimal dissipation when 
compared to the areas fronted by the natural reefs. 
For this section of the site the KT = 0.7, noting that 
KT here represents the dissipation of the incident 
waves predominantly due to depth induced wave 
breaking.  

 
Figure 4   Existing wave field during the single event 
evaluated in this study. Note the substantially smaller 
waves over the top and in the lee of reef features. The 
white arrows represent the time averaged flow patterns.  

 
4.2.2 Impact of landform 
The introduction of a slightly emergent landform of 
similar dimension and elevation to the natural reefs 
further west resulted in a reduction in the wave 
height near the seawall and promenade. Even at 
these very moderate geometric dimensions the 
attenuation was substantial. Impacts of the 

Attenuation 

Natural reefs 

Seawall 
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submerged landform on the nearshore flow 
pathways and magnitude are observed, with smaller 
nearshore flows in the lee of the landform.  
 

 
 
Figure 5   Wave field during the single event evaluated in 
this study when a landform was introduced along the 
western section of the seawall and promenade. The white 
arrows represent the time averaged flow patterns.  

 
5. Discussion 
5.1 Proposed concept 
Our analysis reveals that at this site, the existing 
natural reef landscape is highly effective in 
modulating the incident wave climate. This 
demonstrates that if a marine landscape was 
constructed in front of the historic seawall and 
promenade, the incident waves could be 
substantially attenuated. This attenuation can be 
tuned to achieve an incident structural loading that 
is appropriate to the structure now and in the future.  
 
There is already extensive performance and design 
data that can be used to design an offshore 
breakwater that would be functional at a site like the 
one considered in this study. This knowledge can 
form the basis of the design process. We propose, 
however, that through the integration of high-
resolution data acquisition and modelling, such a 
breakwater could be innovated into a marine 
landscape. Such a landscape would fit within the 
natural amenity of the site and provide new 
opportunities to integrate other objectives such as 
the integration or enhancement of ecosystem of 
various types.  
 
The proposed concept requires further development 
beyond the hydrodynamic impacts themselves. For 
example, there is a need to consider how to 
construct these landscapes at scale, the most 
appropriate materials to use, and how best or 
promote the establishment of ecological 
communities. However, we believe that changing 
how coastal engineering infrastructure looks and 
integrates into the marine landscape is a critical 
step towards preparing many urban coastlines for 
increase sea levels and greater storminess. 

5.2 Limitations 
A key limitation of the current analysis is that we 
have only considered one forcing condition, albeit a 
large forcing condition at this location. Further 
research is required to better understand how these 
marine landscapes perform under different 
contemporary as well as future projected forcing 
and climate conditions – including ensuring that 
these landforms do not induce undesirable 
hydrodynamic outcomes such as standing wave 
motions. Optimising the vertical elevation will be 
critical to account for the impacts of large storms, 
although we note that within Port Phillip Bay these 
wave conditions are limited and reasonably 
predictable. Anecdotal evidence suggests that the 
vertical elevation of the natural reef landforms in the 
area are already sufficient to dissipate wave 
impacts even under some of the greatest incident 
forcing at the site.  
 
The impacts that this type of landform may have on 
local sediment transport as well as the established 
ecosystem is also required. We note however that 
the traditional source of sediment to this section of 
the coastline was from the adjacent cliffs, which 
have long been disconnected from the coastal zone 
by the seawall and promenade. The site is typically 
starved of sediment under present conditions. 
Nevertheless, these landforms will affect local 
coastal processes and thus need to be understood.  
 
This study has predominantly focused on the 
geometric scale and hydrodynamic performance of 
the proposed landscapes. However, the existing 
natural reefs have established marine ecosystem 
communities. Further work is required to ensure that 
the proposed landform designs are geometrically as 
well as materially conducive to the establishment of 
these ecosystems.  
 
5.3 Prospects 
Many coastlines around the world have features 
that are rarely incorporated into coastal engineering 
design. This study demonstrates how, using 
emerging technologies, it is now possible to develop 
engineering solutions that are underpinned by 
established engineering principals and knowledge 
but that can better integrated in the natural 
landscape. Through these methods, we see 
opportunities to address a wide range of coastal 
zone challenges, particularly in the urban zone. In 
this zone many structure exist to protect high value 
assets and these structures are likely to remain a 
key component of coastal protection strategies.  
 
6. Conclusion 
The project sought to draw together a range of 
technologies with existing coastal engineering 
knowledge to develop new and innovative ideas to 
address coastal adaptation challenges, with a 
particular focus on how to increase the resilience of 

Reduced Hs 
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existing coastal structures. We took inspiration from 
the natural environment that surrounds our study 
site, combined this with 3D reconstructions of the 
landscape and used high-resolution numerical 
modelling to develop new solutions to a complex 
coastal challenge. Our exploratory study 
demonstrates that by innovating existing methods, 
it may be possible to overcome some of the 
limitations that otherwise inhibit the integration of 
ecosystems restoration or enhancement into 
traditional coastal engineering projects. 
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Abstract 
Wave runup is an important parameter for predicting coastal flooding, as it describes the wave-driven water 
level increase above the still water level (SWL). Empirical equations are often used to predict runup based on 
bulk offshore wave parameters and average beach slope. These equations have been primarily developed 
from linear-sloping, sandy beaches, despite the significant number of “irregular” coastlines worldwide (i.e. 
rocky reefs, vertical outcrops, varying slopes). Thus, understanding how to quantify runup on irregular profiles 
is extremely important for improving flood risk prediction across the full spectrum of global coastlines. The aim 
of this study is to assess runup measurements on irregular coastlines using observations from a mixed and 
seasonally variable rocky-sandy coastline in Albany, Western Australia. Full-frame coastal imagery and 
nearshore beach topography and bathymetry were collected over a 12-month period using fixed cameras and 
drone surveys, respectively. Traditional methods for measuring runup are not easily transferrable to irregular 
profiles, thus different techniques were explored in this work. In the first technique (traditional approach), the 
horizontal time series (shoreline position vs. time) was projected onto the topo-bathymetric profile to create a 
vertical time series (water-level elevation vs. time), from which extreme runup elevation was obtained 
(Technique 1). In the second technique, the horizontal time series was used to obtain the extreme horizontal 
runup location, from which the runup elevation was obtained using the topo-bathymetric profile (Technique 2). 
On perfectly linear beach slopes, these two techniques produce the same runup result, however on irregular 
beach profiles, the results differ due to profile complexity. Our observations show that on irregular profiles there 
is up to three times the variability in runup results between techniques. On average, runup measurements 
using Technique 2 was more correlated with common empirical runup equations than the traditional approach 
(Technique 1). This work highlights the need for incorporating topo-bathymetric complexities into runup 
measuring techniques to improve future predictions of wave-induced flooding on irregular coastlines. 
 
Keywords: coastal flooding, wave runup, irregular coastlines, runup time series, empirical runup predictions. 
 
1. Introduction 
As sea levels rise and storm severity increases, the 
ability to predict global flood risk is becoming 
increasingly more important. Coastal flooding 
results from a combination of physical processes 
including astronomical tides, storm surges, long-
term sea level variability, and wave runup. Wave 
runup is a significant contributor to flooding on 
wave-exposed coastlines and is one of the more 
challenging variables to predict. It is defined as the 
maximum water level elevation at the foreshore 
above the still water level (SWL - sea level in the 
absence of waves) (Figure 1). 

Figure 1   A wave runup schematic (Source: [12]) to 
illustrate the components of runup and how they 
contribute to water level variability. 

 
Runup provides a measure of the maximum 
potential energy generated from waves, which in 
turn contributes to beach erosion and flooding. 
Nearshore wave breaking causes a transfer of 
mean (wave-averaged) momentum from waves to 
an elevation above the SWL, known as wave setup. 
The waves that reach the shoreline generate 
oscillations known as swash, which in combination 
with setup equates to total runup (Figure 1). R2% is 
a commonly used statistic to represent extreme 
runup and is defined as the elevation of the 2% 
runup exceedance. A common method for 
measuring R2% in the field is to use imagery to 
generate a timestack of a cross-shore transect over 
time and capture the time-varying shoreline over a 
25-50 minute interval. The horizontal, shoreline 
variations from the timestack are projected onto the 
topo-bathymetric beach profile to produce a vertical 
time series (water-level elevation vs. time), from 
which R2% can be obtained.  
 
Coastal engineers often predict R2% using empirical 
equations which are based on easily measured 
parameters such as offshore wave conditions and 
beach slope.  
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Improving upon an earlier runup formula by Holman 
(1986) [6], Stockdon et al. (2006) developed the 
most widely used runup equation from 10 low-
sloping, sandy beach experiments with low to 
moderate wave conditions (Equation 1) [11].  
 

         𝑅𝑅2% = 1.1 �
0.35𝛽𝛽𝑠𝑠(𝐻𝐻0𝐿𝐿0)

1
2 +

�𝐻𝐻0𝐿𝐿0�0.563𝛽𝛽𝑠𝑠2+0.004��
1
2

2

�. 

 

(1) 

 

where 𝐻𝐻𝑜𝑜 = offshore significant wave height; 
𝐿𝐿0 = offshore wavelength; and 𝛽𝛽𝑠𝑠 = swash zone 
beach slope (average slope over a region ±2𝜎𝜎 
around the average water-level). 
 
Given the limited range of conditions used to 
develop the equation, it is unclear whether the 
equation should be applied outside of low-sloping, 
sandy beaches with low to moderate waves. Recent 
literature broadened runup parameterisations into 
intermediate beach types [1], macro-tidal 
environments [13], barrier islands [8], and steep 
(𝛽𝛽𝑠𝑠 =  0.4), gravel beaches, with large wave heights 
(1-8 m) [9]. Dodet et al. (2018) parameterised runup 
on steep, rocky cliffs [3], followed by Didier et al. 
(2020) who investigated a range of fetch-limited, 
sandy, gravel, and platform beaches [2].  
 
Other than Dodet et al. (2018) and Didier et al. 
(2020), whose input parameters consist of only 
offshore wave conditions, the majority of existing 
equations include both offshore wave conditions 
and average beach slope as input parameters. 
Collapsing beach topography and bathymetry into 
an average slope works well on coastlines with a 
uniform slope across the surf and swash zones, 
however if the beach is irregular or non-uniform, 
these complexities are not accounted for. Gomes da 
Silva et al. (2020) highlighted nearshore bathymetry 
as an important factor missing in existing empirical 
predictors, and stressed that the beach profile has 
significant impact on runup results [5].  
 
In this paper, we use field measurements from a 
rocky-sandy beach in Albany, Western Australia to 
measure runup on an irregular, seasonally variable 
coastline. Traditional methods for measuring runup 
are not easily transferrable to irregular profiles with 
large roughness features (i.e. rocky outcrops). 
Thus, two techniques were analysed and 
compared, to quantify the variability in measured 
runup on irregular coastlines. This work highlights 
the importance of incorporating topo-bathymetric 
complexity into runup measuring techniques. 
 
2. Methods 
2.1 Field Site  
The field site at Torbay is a semi-enclosed bay 
located in Albany, Western Australia (Figure 2). The 
bay is exposed to direct Southern Ocean swell, and 
wave heights ranging from 0.5 - 8 m. A 12-month 

field study was conducted along a ~200 m 
alongshore section of Torbay Bay.  

 
Figure 2   (a) A map of Southwestern Australia with Perth 
and Albany identified (red stars), (b) A map of the Torbay 
field site in Albany, Western Australia. The location of the 
study site (green square), Directional WaveRider (blue 
circle), and Hartmans Beach (yellow triangle) are 
identified.  
 
The site consists of a limestone shore-platform 
backed by a large cliff, with pockets of sand that 
erode and accrete seasonally. For example, in 
2020, some cross-shore beach profiles had 2-3 m 
of elevation change due to sand accumulation in the 
summer months. 
 
2.2 Data Collection 
A series of field data were collected from a Datawell 
Directional Waverider buoy, an RBR pressure 
sensor, monthly drone surveys, and stationary 
cameras over the 12-month period (Figure 2). The 
wave buoy was deployed ~1.2 km directly offshore 
of the study site in 30 m water depth to measure 
offshore wave conditions. Over the duration of this 
investigation, significant offshore wave heights (𝐻𝐻𝑠𝑠) 
ranged from 0.8 – 7.2 m, and peak wave periods 
(𝑇𝑇𝑝𝑝) ranged from 10 – 18.2 s. 
 
The RBR Solo pressure sensor was mounted to a 
rock ledge at Hartmans Beach in 1 m water depth. 
Hartmans Beach is a protected bay ~12 km west of 
the study site. It was assumed that this area is 
protected from waves, thus the water level at 
Hartmans Beach was used to represent the SWL at 
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the study site (tides plus any other non-tidal 
components except waves). Pressure was sampled 
at 2 Hz, then converted to water depth using an 
atmospheric pressure gauge on site. 
 
Monthly drone surveys were used to measure the 
variable beach topography from December 2019 to 
December 2020. Each survey was conducted at 
65 m altitude, providing a ~2 cm/pixel ground 
sampling distance across the site. Images were 
taken with 90% front overlap and 81% side overlap 
to provide enough image overlay to ensure accurate 
post-processing. Agisoft Metashape was used to 
create digital elevation models (DEMs) of the beach 
topography (~6.4 cm/pixel) through the Structure-
from-Motion technique [14]. The DEMs were used 
to generate cross-shore topographic profiles of the 
beach, which were then used to convert observable 
beach runup to elevation. 
 
A semi-autonomous, stationary camera system was 
setup on the Torbay cliff facing the study area. Two 
8 mm lens cameras were used to capture full-frame 
imagery at 3 Hz for 25 minutes daily. The oblique 
images were geo-rectified to quantify the shoreline 
movement in metres. To do this, the cameras were 
intrinsically calibrated to account for lens distortion, 
and extrinsically calibrated using ground control 
points within each camera field of view (FOV). The 
DEMs were incorporated into the rectification 
process to account for the topographic irregularities.   
 
2.3 Data Analysis 
From the geo-rectified full frame imagery, 
timestacks were generated for seven cross-shore 
transects within the two camera FOVs (Figure 3). 
The foreshore topography from the DEM was 
extrapolated horizontally offshore. The shoreline 
was digitised using a colour intensity runup tool 
created by the Coastal Imaging Research Network 
(CiRN), and then manually adjusted to track the 
runup and rundown over a 25-minute timeframe 
(https://github.com/Coastal-Imaging-Research-
Network/runupTool-Toolbox). For scenarios where 
water pooled in a low-lying eroded area, the edge of 
the pool was digitised as it progressed and 
retreated, however, if no water exceeded the edge 
of the pool over the duration of the timestack, the 
wave crests were digitised instead of the edge of the 
pool. The shoreline excursion in the timestacks 
were in reference to an arbitrary origin located 
~150 m offshore.  
 
The cross-shore profiles were stitched together 
from a combination of in-situ and remote sensing 
measurements. The foreshore topography was 
extracted from monthly DEMs. The average slope 
of the shoreward 5 m of the foreshore topography 
was extrapolated until the horizontal, rocky shore-
platform was reached. The shore-platform elevation 
(𝑧𝑧 = 0 𝑚𝑚 𝐴𝐴𝐻𝐻𝐴𝐴) and slope (𝛽𝛽𝑆𝑆 = 0) were measured 

using an RTK-GPS, and the small-scale roughness 
of the platform was ignored. The shore-platform was 
extended until its edge, which was visually identified 
from the full-frame imagery.  

 
Figure 3  (a) Southeast-facing camera field of view (FOV), 
(b) South-facing camera FOV. The seven transects are 
identified in yellow/red in (a) and (b). (c) A sample 
timestack from a cross-shore transect with the digitised 
shoreline identified in red. 
 
The two techniques used to calculate runup from 
the digitised timestacks are described below. 
 
Technique 1: The Traditional Method  
This is the traditional and most common method 
used for calculating R2%. The digitised timestack is 
converted into a time series of water level elevation 
(hereafter referred to as vertical time series) using 
the cross-shore topo-bathymetric profile. This 
means that all horizontal positions from the 
timestack are projected onto the cross-shore profile. 
The elevation that 2% of the swash peaks exceed, 
relative to the SWL, represents R2%. 
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Technique 2: The Horizontal Time series Method 
This technique was used to account for vertical 
irregularities in cross-shore profiles. The digitised 
timestack is not converted into a vertical time series, 
but instead left as a time series of horizontal 
shoreline excursion (hereafter referred to as 
horizontal time series). The horizontal position that 
2% of the swash peaks exceed, represents the 
horizontal position of R2%. The elevation of this 
horizontal location on the cross-shore profile, 
relative to the SWL, represents R2%.  
 
On linear profiles, these two techniques generate 
the same R2% results, because the vertical and 
horizontal water level positions fluctuate 
proportionally along the foreshore (Figure 4a). 
However, as the profile irregularities increase, so 
does the variability in R2% between methods. For 
example, for profiles with large vertical outcrops 
(Figure 4b), the maximum elevation does not 
correlate with the furthest horizontal extent, 
therefore the maximum peaks in the horizontal time 
series do not correlate with the maximum peaks in 
the vertical time series. For shore-platforms, the 
swash excursion along the platform is captured 
when assessing the horizontal time series but is not 
captured in the vertical time series, because the 
elevation is constant across the entire platform 
(Figure 4c). 

 
Figure 4   A schematic of horizontal (x) and vertical (z) 
positions along three cross-shore profiles. (a) A linear 
profile where z increases proportionally with x. (b) An 
irregular profile, where z decreases when x increases 
beyond the rock platform. (c) An irregular shore-platform, 
where z is approximately constant as x varies along the 
platform.  
 
The Torbay field site has a wide range of irregular 
profiles, thus it is an ideal location to examine the 
variability between the two techniques. Figure 5 
shows an example of an irregular, shore-platform 
profile at the Torbay study site, with the resulting 
time series in the horizontal and vertical domains.   

 
Figure 5  (a) The topo-bathymetric profile of a cross-
shore transect at the Torbay field site, with the maximum 
and minimum swash extents identified in green. (b) A ~5-
minute sample of the horizontal time series (blue) and 
vertical time series (red) on May 6, 2020. The black circle 
highlights a key discrepancy between the horizontal and 
vertical time series. 
 
The horizontal and vertical time series in Figure 5b 
are extremely different due to the irregularities in the 
profile. A large discrepancy is evident between 
14:27 and 14:28 (black circle). The horizontal time 
series shows a large swash tongue reaching 140 m 
from the offshore origin, meaning the water 
overtops the rock outcrop in Figure 5a. However, 
the vertical time series shows two peaks – one 
during runup when the rock outcrop is first 
overtopped, then one during the rundown when the 
water recedes back over the rock platform. In 
addition, the vertical time series has re-occurring 
“flat” sections when the water level is oscillating 
across the horizontal shore-platform (100-120 m 
from offshore origin, 0 m AHD), whereas these 
sections appear as smooth oscillations in the 
horizontal time series. These discrepancies can 
lead to significant changes to the overall R2% 
measurement, since R2% is based on the number of 
peaks in the time series. A comparison of R2% 
results using both techniques is examined in the 
Results Section.   
 
Runup can also be divided into its setup and swash 
components. In this work, a swash spectrum is 
generated from both the vertical (Technique 1) and 
horizontal (Technique 2) time series using the fast-
fourier transform (FFT). The swash signal can be 
divided into its infragravity (IG) (𝑓𝑓 = 0 −  0.04 𝐻𝐻𝑧𝑧) 
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and sea-swell (SS) (𝑓𝑓 = 0.04 − 0.4 𝐻𝐻𝑧𝑧) 
components. The peak frequency (𝑓𝑓𝑝𝑝) is the 
frequency associated with the maximum energy 
peak of the spectrum. The setup component is not 
examined in this work. 
 
3. Results 
3.1 Comparing Runup 
The runup results from Technique 1 and Technique 
2 are compared in Figure 6. Sandy profiles with low 
vertical irregularity are defined here as linear 
profiles.  

 
Figure 6   A comparison of R2% when measured using 
Technique 1 (traditional) and Technique 2. Linear profiles 
are identified in green (filled if runup reaches the back 
cliff), and irregular profiles are identified in red. The 
dashed black line represents the 1:1 line. 
 
As seen in Figure 6, the runup results for linear 
(sandy) profiles are highly correlated (r2 = 0.92) 
between techniques. Linear cases with the largest 
discrepancies occur on large wave days when the 
water level reaches the back cliff (cliff is visible in 
Figure 3a,b) and the runup signal truncates 
prematurely. The runup results for irregular (rocky) 
profiles are not as well correlated (r2 = 0.85) 
between techniques. Runup estimates are generally 
larger using Technique 1, with estimates reaching 
up to three times the estimates of Technique 2. For 
example, on a small wave day (Hs= 1.6 m), R2% was 
estimated to be 0.9 m using Technique 1 and 0.3 m 
using Technique 2.  
 
Runup results from both time series techniques 
were compared to eight existing empirical equations 
(Figure 7). All beach slopes were calculated as the 
average slope across ±2𝜎𝜎 around the mean water 
level [11]. The wave buoy measurements were used 
to represent the offshore wave conditions. Each 
empirical equation was developed for a defined set 
of conditions. The percentage of our observations 
within these conditions vary for each equation: 10% 
within Holman (1986), 80% within Stockdon et al. 
(2006), 16% within Vousdoukas et al. (2012), 55% 
within Poate et al. (2016), 73% within Medellin et al. 

(2016), 65% within Atkinson et al. (2017), 15% 
within Dodet et al. (2018), and 30% within Didier et 
al. (2020).  

 
Figure 7   A comparison of calculated R2% and measured 
R2% from both Technique 1 (red) and Technique 2 (blue). 
The dashed black lines represent the 1:1 line. The r2 
values for each equation are displayed on the figure for 
each technique. 
 
The r2 values for both techniques are highest for 
Dodet et al. (2018) and Didier et al. (2020), and 
lowest for Vousdoukas et al. (2012). For all 
equations aside from Dodet et al. (2018) and Didier 
et al. (2020), the r2 correlation is greater when using 
Technique 2 compared to Technique 1, with r2 
ranging from 0.31 to 0.45 and 0.1 to 0.29, 
respectively. For most equations, the calculated R2% 
over-predicts the measured R2%, especially at larger 
runup values.  
 
The error between calculated and measured values 
are displayed in Figure 8. Negative error represents 
data where the calculated estimations over-predict 
the measured estimations. In this dataset, the error 
for all empirical equations have negative mean 
values, except for Medellin et al., (2016), which has 
a mean of 0±0.25 for both techniques. The average 
mean error for Technique 2 is greater (more 
negative) than Technique 1, despite the higher r2 
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correlation for Technique 2, suggesting intercept 
bias. On average, Technique 1 has greater kurtosis 
and negative skewness than Technique 2.  
 

 
Figure 8   A histogram of the error (measured R2% - 
calculated R2%) for each empirical equation. The error is 
in red for Technique 1 and in blue for Technique 2. The 
mean (M), skewness (S), and kurtosis (K) of each 
equation’s error is listed below each subplot for 
Technique 1 and 2.  
 
3.2 Comparing Swash Contributions 
The horizontal and vertical time series have been 
used to calculate the swash components of runup 
for all observations. The peak frequencies 
calculated from both time series are compared in 
Figure 9. The red dotted line indicates the transition 
between SS and IG frequency bands.  
 
When the peak frequencies for both techniques are 
within the IG band, the peak frequencies are well 
correlated. However, for peak frequencies near the 
SS-IG transition, the correlation between 
techniques is much weaker.  
 

 
Figure 9   A comparison of the swash peak frequency for 
Technique 1 and 2. The dashed black line represents the 
1:1 line, and the dashed red line represents the frequency 
0.04 Hz, where there is a transition from infragravity (IG) 
swash (𝑓𝑓 = 0 −  0.04 𝐻𝐻𝑧𝑧) to sea-swell (SS) swash (𝑓𝑓 =
0.04 − 0.4 𝐻𝐻𝑧𝑧). 
 
4. Discussion and Conclusion 
In this paper, we use field measurements from a 
rocky-sandy beach in Albany, Western Australia to 
measure runup on an irregular, seasonally variable 
coastline. Our dataset indicates that measuring 
runup using the traditional method (Technique 1) 
predicts much larger runup than Technique 2. In 
Technique 1, the horizontal time series is converted 
into a vertical time series, which incorporates all 
extreme elevations along the active profile. 
However in Technique 2, only the elevation at the 
extreme runup location is used. Therefore, if the 
final horizontal R2% position is not the highest 
elevation of the active profile, the R2% measured 
using Technique 2 will be lower than the R2% 
measured using Technique 1.  
 
Dodet et al. (2018) and Didier et al. (2020) 
equations predict our dataset most accurately out of 
the eight equations assessed. These two 
parameterisations do not include a beach slope 
parameter, whereas all remaining six equations do. 
This suggests that on irregular coastlines where an 
average beach slope does not accurately represent 
the profile, this parameter may be introducing error 
into the prediction. 
 
The swash components appear to have stronger 
correlation between techniques at lower 
frequencies. This may be because lower frequency 
signatures are often larger and more prominent, 
thus they can be identified from any measurement 
technique. Whereas small SS oscillations along flat 
platforms can often be missed when using a vertical 
time series (Technique 1).  
 
Although R2% is the most common method for 
measuring runup, there are alternative methods that 
quantify wave-induced flood risk well on non-linear 
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profiles. EurOtop’s manual for calculating wave 
overtopping is a useful tool for designing flood 
defence structures and analysing wave-induced 
flood risk [7]. The total overtopping discharge can 
be estimated using key structural details (i.e. crest 
height, berm slope, toe length etc.). However, these 
equations rely on the measurements of well-defined 
structural components, which cannot be quantified 
on natural coastlines.  
 
Power et al. (2018) assessed runup on a rocky 
shore platform [10]. Due to the flat nature of the 
shore platform, an overwash hazard rating system 
was used to quantify wave inundation. This 
technique allows for comparison of runup at 
different horizontal positions, despite equivalent 
runup elevations. 
 
Fiedler et al. (2020) assessed runup on a sandy 
beach backed by riprap of 4 m elevation [4]. An 
idealised topo-bathymetric profile was created 
beyond the riprap to ensure the runup elevation 
continued to increase when the riprap was 
overtopped (Figure 10). This method works well 
when there is a uniform, engineered structure at a 
constant elevation, but is significantly more 
challenging on a natural beach with multiple 
outcrops of varying height and width. 

 
Figure 10   A schematic of a cross-shore profile (blue line) 
with “idealised topo-bathymetric profile” (dashed blue 
line). R2% is projected on the idealised bathymetry if water 
extends beyond the outcrop.  
 
Because coastal cliffs (often fronted by irregular 
beaches) cover over 50% of the global coastline, it 
is important to consider irregular features when 
assessing runup [15]. This work highlights the 
importance of considering topographic and 
bathymetric complexities when measuring runup on 
irregular coastlines. 
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Abstract 

Eastland Port Limited operates the regional port at Gisborne, New Zealand, which is undergoing a 
staged infrastructure upgrade. A resource consent for replacement of port Wharf 7 requires mitigating 
loss of juvenile red rock lobster (Jasus edwardsii) habitat due to reclamation. Eastland Port Ltd, 
4Sight Consulting Ltd and the University of Auckland, have collaborated to design, test and monitor 
replacement artificial lobster settlement habitat. Seafloor habitat under Wharf 7 includes a papa 
bedrock slope which is penetrated by small holes formed by boring bivalve molluscs. Post-larval 
(pueruli) and early juvenile lobsters will occupy a range of settlement habitat including concrete piles, 
but the papa rock is thought to attract pueruli by offering refuge against predation and harsh 
environmental conditions. Several artificial habitat designs simulating papa rock were considered for 
their ability to replace the habitat which will be lost. The chosen ‘pipe collector’ design (developed by 
Professor Andrew Jeffs of the University of Auckland, an expert in lobster larval biology) was then 
compared for its ability to provide habitat for recently settled pueruli alongside ‘crevice collectors’, 
which are used by the Ministry for Primary Industries for monitoring juvenile lobster settlement 
throughout New Zealand for fisheries management purposes. Results indicate that pueruli and early 
juveniles will readily settle into each type of collector, indicating that the “pipe collectors” can serve as 
a suitable replacement for the papa rock habitat if attached permanently to the wharf face. However, 
historically high juvenile lobster densities in the vicinity of the port that have been reported anecdotally 
have not yet been encountered. Future challenges include locating and monitoring collectors in situ 
on a vertical sheet pile face which creates different and untested microhabitat. It is a requirement of 
the resource consent that the mitigation of the effects of the port development on the rock lobsters 
meets Māori cultural requirements as kaitiaki (guardians). At this stage, the long-term success of the 
mitigation is yet to be determined but Eastland Port Ltd has approached the responsibility on a best-
endeavours basis to achieve the intended outcome. 

Keywords: reclamation, ecology, mitigation, artificial habitat 

1. Introduction 

Eastland Port is New Zealand’s most easterly 
commercial shipping port, and is the country’s 
second largest exporter of logs, harvested 
from extensive inland plantation forests. The 
port is comprised of multiple wharves, two of 
which consist of a concrete deck supported 
over the water by a series of reinforced 
concrete pilings. These wharves are old and 
approaching the end of their operational life 
and are to be redeveloped. Historically, the 
natural rocky reef habitat beneath the wharves 
at Eastland Port has been associated with the 
settlement of large numbers of post-larvae 
(pueruli) and early juveniles of red rock lobster 
(Jasus edwardsii) [1] (Figure 1). For example, 
tens of thousands of the early stages of the 
lobsters were harvested from beneath the 
wharves in a single winter in the late 1990s 

and used as seed animals for pilot lobster 
aquaculture projects [2, 3]. The reasons for the 
high levels of pueruli settlement under the 
wharf facilities at the port are unclear, although 
it is likely to be associated with the geography, 
or current flow in Poverty Bay directing the 
swimming pueruli into the enclosed area of the 
port where they settle onto the seafloor in 
places where there is suitable hard substrate 
[4, 5, 6]. The fate of the pueruli that settle into 
Eastland Port is unclear, although it is possible 
that they may migrate out of the port and 
establish in the rocky breakwater at the port 
entrance and in natural reef habitats beyond 
the confines of the port [1].  
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The proposed redevelopment of the wharf 
facilities at Eastland Port will likely result in a 
reduction in the availability of rock lobster 
settlement habitat beneath the wharves. As a 
result, and as a requirement of resource 
consents authorising the port redevelopment, 
the port company aims to ensure the 
settlement habitat would be replaced with an 
effective alternative, which could be 
incorporated into the development to ensure 
continued natural settlement and juvenile 
establishment of the lobsters in the area. As a 
result, Eastland Port Ltd, 4Sight Consulting Ltd 
and the University of Auckland collaborated to 
design, test and monitor replacement artificial 
lobster habitats that could be affixed to the 
wharf redevelopment to provide habitat for 
juvenile rock lobsters.  

Figure 1. Photograph of early stages of red rock lobster 
(Jasus edwardsii) showing the progression of their 
developmental stages. Pueruli settle when almost totally 
transparent (left) and slowly transition into fully pigmented 
early juveniles (right). 

Several designs of settlement devices have 
been used throughout the world to monitor 
spiny lobster settlement [7, 8]. In New 
Zealand, the devices typically used are known 
as “crevice collectors” [9]. These devices 
consist of several sheets of marine plywood 
held in a metal frame and angled to produce 
wedge-shaped crevices into which the pueruli 
will readily settle and remain in while 
transitioning to juveniles [7] (Figure 2a). These 
collectors are used by the Ministry for Primary 
Industries (MPI) to measure rock lobster 
settlement at locations throughout the country 
for fisheries management purposes. However, 
while these devices have been highly effective 
at catching pueruli and early juveniles, they 
are not very durable and break down quickly 
following deployment into the marine 
environment, making them unsuitable as long-
term alternatives to natural habitat. As a result, 

a more durable settlement device was 
designed to provide long-term habitat for red 
rock lobster pueruli and early juveniles. These 
devices, known as “pipe collectors”, were 
based on the work of Edmunds, 1995 [10], and 
were specifically designed to suit the 
settlement preferences of red rock lobster 
pueruli and early juveniles. Each pipe collector 
consisted of a circular PVC pipe (475 mm ⌀ × 
160 mm length) with a series of smaller PVC 
pipes (25 mm ⌀ × 160 mm length) glued inside 
(Figure 2b). However, while these devices 
were designed to be much more durable than 
the crevice collectors, the ability for the pipe 
collectors to provide suitable habitat for lobster 
pueruli and early juveniles remained untested.  

Figure 2. Photographs of the crevice collector typically 
used throughout New Zealand to monitor crayfish 
settlement (left), and the pipe collector designed to replace 
natural crayfish settlement habitat. The pipe collectors 
were made from PVC pipe and were expected to serve as 
a much more durable alternative to the crevice collectors 
constructed with plywood (right). 

Therefore, the aim of this research was to 
determine whether the pipe collectors could be 
used to mitigate the loss of natural rock lobster 
settlement habitat following the redevelopment 
of the port, and whether they would be a more 
durable and effective solution than the crevice 
collectors that are typically used throughout 
the country.  

2. Methods 

2.1. Study site and device deployment 

This study was carried out over a 17-month 
period from January 2020 to May 2021 
beneath wharves 6 and 7 of Eastland Port, 
Gisborne, New Zealand (38° 40' 24.6" S, 178° 
01' 31.4" E, Figure 3). Wharves 6 and 7 
consist of a concrete horizontal slab supported 
over the water by a series of reinforced 
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concrete pilings. The marine environment 
beneath the wharves is shallow (i.e., < 5 m 
deep) and consists of a rocky papa 
(mudstone) reef running the length of the 
wharves. The soft sedimentary rock has 
thousands of small circular holes in its face 
created by hole-boring bivalves (Pholadidae), 
that provide settlement habitat for red rock 
lobster pueruli.  

To determine the ability for the pipe collectors 
to be used to provide habitat for lobster pueruli 
and early juveniles, a total of 8 pipe collectors, 
and 7 crevice collectors were deployed 
beneath the wharves in a straight line, running 
parallel with the rocky reef. The devices were 
deployed 3 m apart, in an alternating manner, 
beginning with a pipe collector beneath the 
southernmost end of Wharf 6, and ending with 
a crevice collector toward the southern end of 
Wharf 7. Each device was suspended from 
beneath the deck of the wharves using a 
length of stainless-steel chain attached to an 
eyebolt in the underside of the deck. The 
length of chain (approximately 5 m) used to 
suspend each device from the beneath the 
wharf was adjusted to ensure the devices were 
submerged at all times and remained 
approximately 1 m above the seafloor to 
prevent them from being inundated with fine 
silt.  

Figure 3. Eastland Port in Gisborne, showing Wharves 6 
and 7 that will be redeveloped. 

2.2. Device sampling 

Sampling of the devices took place on a 6 - 8 
weekly basis where possible, although some 
months were missed due to COVID-19 logistic 
restrictions. Eight sampling events took place 
over the 17-month period, with six taking place 
in 2020, (i.e., 1 in January, May, September, 
and November, and 2 in July) and two in 2021 
(i.e., March and May). At each sampling event, 
eight pipe collectors and seven crevice 
collectors were sampled, except for in January 
and March 2020 where one pipe collector had 

been lost from beneath the wharf and was 
subsequently replaced. 

Sampling involved lifting each device to the 
surface and then into a boat. Once the device 
was near to the surface, a fine-meshed net 
was placed under each device to catch any 
lobsters that may fall out. After being lifted 
onto the boat, each device was carefully 
inspected, and any lobsters that had settled in 
the device since the prior sampling event, 
were removed, and counted. Once any 
lobsters had been removed from the devices 
and counted, they were retained for future 
staging and the length of chain was checked to 
ensure the device remained 1 m above the 
seafloor.  

2.3. Data analysis 

The mean number of red rock lobster pueruli 
and early juveniles caught per device at each 
sampling event was compared over the 17-
month period using an independent t-test.  

3. Results 

A total of 278 rock lobster pueruli and early 
juveniles were caught in the settlement 
devices over the 17-month monitoring period. 
The mean number of individual rock lobster 
pueruli and early juveniles caught per device 
at each sampling event was not consistent 
between the settlement devices (t(84) = 2.38, P 
= 0.01), with the crevice collectors catching 
more (µ = 3.2 per device per month) than the 
pipe collectors (µ = 1.6 per device per month) 
(Figure 4).  

 

Figure 4. Mean (± SE) number of red rock lobster pueruli 
and early juveniles caught per device per month across 
the 17-month monitoring period.  
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4. Discussion 

4.1. Performance of the pipe collectors 

The results indicate that rock lobsters will 
readily settle into both types of devices, 
although they tend to settle in higher numbers 
in the crevice collectors under the 
experimental deployment regime. The reasons 
for the greater catches in the crevice collectors 
compared to the pipe collectors are unclear, 
although it could be that lobster pueruli and 
early juveniles prefer to settle in the crevice 
collectors, which have an enclosed backing, 
whereas, under the current arrangement, the 
pipe collectors are open at both ends. It could 
also be that the pipe collectors have a smaller 
total area of available floor space for lobsters 
to occupy compared to the crevice collectors. 
Therefore, it could be expected that increasing 
the number pipe collectors would have the 
overall effect of increasing rock lobster catches 
in comparison to a single crevice collector.  

The PVC pipe collectors are clearly more 
durable than the wooden crevice collectors 
with rust appearing on the metal frames of the 
crevice collectors over the period of survey, 
and the plywood sheets becoming 
waterlogged and soft, with the edges of the 
plywood on the collector beginning to 
disintegrate. The pipe collectors are much 
more robust in comparison, with no signs of 
breakages or decay. Both the pipe collectors 
and the crevice collectors become increasingly 
coated in biofouling the longer they stay in the 
water. The crevice collectors tend to collect silt 
and become tangled with material such as 
seaweed, whereas the pipe collectors attract 
hard biofouling species, such as barnacles. 
After 17 months underwater the inside of the 
pipes in the pipe collectors are becoming 
fouled, although none of the pipes have been 
blocked completely. It is expected that the 
fouling will assist in providing food and further 
shelter for early stages of rock lobsters utilising 
the pipe collectors. It may be that some 
management of the voids available within 
individual pipes will become necessary to 
maintain and optimise space for settled rock 
lobsters. Long term, this may warrant the pipe 
collectors being removable to facilitate periodic 
‘cleaning’. 

Overall, the results indicate that the pipe 
collectors are performing as anticipated and 
will be able to provide suitable settlement and 

nursery habitat for red rock lobsters to mitigate 
for loss of the small area of rocky reef due to 
the wharf expansion. The relatively small 
difference in the catches of rock lobsters 
between the pipe collectors and the crevice 
collectors could easily be compensated for by 
increasing the number of pipe collectors that 
are installed.  

4.2. Ecological value of the habitat mitigation 

The fate of the pueruli that settle into the 
habitat beneath Eastland Port is uncertain. 
However, the highly turbid marine environment 
in the vicinity of the port makes it unlikely that 
pueruli would survive long enough to recruit 
into local populations. Furthermore, a number 
of studies have indicated that the survival of 
spiny lobsters in the first year after settlement 
is extremely low in the natural environment 
[11, 12, 13]. Therefore, the ecological value of 
long-term habitat mitigation in the port is likely 
to be limited.  

4.3. Resource consent context 

Eastland Port Ltd made applications under the 
Resource Management Act 1991 (RMA) inter 
alia for demolition and reconstruction of Wharf 
7. Decisions dated August 2018, were made 
on behalf of the Gisborne District Council 
(Council) by Independent Hearing 
Commissioners. The Decision Report noted 
‘…the most unusual effect of the proposal is 
that juvenile rock lobster habitat that presently 
exists under Wharf 7 will be destroyed...’ The 
Decision Report was clearly expressed in 
terms of mitigation of effects and stated ‘This 
mitigation [i.e., the pipe collectors] has been 
designed to provide replacement habitat for 
juvenile rock lobsters to settle and develop’. 
Based on the expert reports provided to 
support the resource consent applications, the 
Commissioners concluded ‘…we are satisfied 
that this aspect of the applicant’s proposal 
should adequately mitigate the effects of the 
loss of juvenile rock lobster habitat beneath 
Wharf 7…’  

The Decision was appealed to the 
Environment Court by various Māori interests 
(see Env-2018-WLG-000118 and ENV-2018-
WLG-000119) although the matters under 
appeal were not directly related to rock lobster 
habitat mitigation. The Court issued a Consent 
Order on 2 December 2020 and the new 
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resource consents became effective from that 
date. 

Conditions of the resource consent require that 
the efficacy of the artificial habitats in providing 
refuge for juvenile rock lobsters must be 
monitored. The Commissioners noted that if 
the mitigation did not work as intended, there 
was an expectation that additional (but 
unspecified) mitigation would be required 
through a review of resource consent 
conditions at some future point. 

There was no case argued by the marine 
scientists involved on behalf of Eastland Port 
Ltd, or the peer reviewer acting as scientific 
advisor to the Council, that the habitat beneath 
Wharf 7 and the juvenile rock lobster 
population that might settle into it, was 
significant in terms of the wider fishery beyond 
the confines of the port. At best, that 
relationship is unknown. Scientific opinion was 
offered that it was unlikely to be important 
based on factors which include the extensive 
coastal areas beyond the port and around East 
Cape that are available as settlement habitat 
for rock lobsters and the very high mortality 
known to be sustained by juvenile of rock 
lobster species in the year following settlement 
[11]. Further noted was the sub-optimal nature 
of the settlement habitat beneath Wharf 7, 
which is sediment rich and frequently exposed 
to low salinities. These are stressors likely to 
exacerbate naturally high mortality.  

One point made by the Council’s technical 
reviewer was that the at times seasonally high 
densities of juvenile rock lobsters at the Port 
were easily accessed and this was a potential 
value to scientists for research purposes. 
There was a body of scientific literature which 
has used or relied on this access previously 
[14]. 

This notwithstanding, rather than being of an 
ecological nature, the primary driver for the 
mitigation requirement in the resource 
consents is impacts on cultural values. The 
Decision Report noted in its Effects on Cultural 
Values section ‘...The applicant, submitters 
and the section 42A RMA report [the Council’s 
report] all directed our attention to the 
provisions of the Tairawhiti Regional Marine 
Plan that require particular attention to the 
interests of tangata whenua…(literally in this 
case Māori of the locality)’. The Decision 
Report further noted that submissions from 

Māori comprehensively addressed their 
concerns. These concerns were recorded as 
including the need for the resource consent to 
demonstrate regard to protecting the mauri 
(i.e., life force or essence) of coastal 
resources; the need to develop a cultural 
assessment framework for doing so; and, 
protection for the juvenile rock lobster resource 
beneath the present wharf structures. The 
Māori submissions opposed the applications, 
although the Decision Report noted that 
opposition was measured with some general 
acceptance that the proposals put forward by 
Eastland Port Ltd could go ahead subject to 
stringent conditions. 

The Consent Conditions approved by the 
Court, provide for development and 
certification by a marine ecologist with 
appropriate expertise in rock lobster ecology, 
of a design for the pipe collectors, a period of 
trialling; and a deployment plan for the 
establishment and management of the pipe 
collectors on the new Wharf 7 structure. 
Methods and metrics used to assess utilisation 
of the devices and annual reporting of 
monitoring results to the Council is required. 
The monitoring reports are required to contain 
information on inspection dates, observations, 
conclusions on the effectiveness of the 
devices, and any changes to the devices.  
After deployment for five years there is to be 
an independent review following which 
ongoing monitoring requirements may be 
agreed between Eastland Port Ltd and the 
Council.  

It is far from certain that the mitigation 
approach will be successful. It is also 
problematic as to what actions or additional 
mitigation might be available if 5 years 
following completion of the Wharf 7 upgrade, 
the monitoring of the settlement devices is not 
encouraging. However, Eastland Port Ltd has 
approached the requirement on ‘a good faith 
and best endeavours basis’ in recognition both 
of its specific obligations under the consent 
and its corporate responsibility to run its 
operations in a manner that is respectful and 
responsive to Māori cultural expectations.     

4.4. Wider application of artificial habitats 

The results from this study also suggest that 
the addition of artificial habitats to coastal 
infrastructure throughout New Zealand could 
be used to enhance lobster settlement. 
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However, further work is required to determine 
whether any pueruli that settle into these 
devices are recruiting into wider populations.  

5. Conclusions 

Overall, the results from this work demonstrate 
that, despite likely having uncertain ecological 
benefits, the installation of pipe collectors onto 
the structure of the newly developed Wharves 
6 and 7 will provide an effective means of 
mitigating against the loss of habitat that will 
occur during redevelopment of the port. These 
results have also demonstrated the willingness 
of Eastland Port Ltd to cooperate with its local 
community and Māori to ensure the 
redevelopment proceeds in an ecologically 
and socially responsible manner.  
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Abstract 
This study set out to understand the joint probabilities of pluvial (terrestrial) and tidal flooding in Christchurch. 
Christchurch’s geography motivates a strong interest in coastal inundation risks but historically the 
understanding of joint probabilities had been limited to subjective engineering judgement. 
 
This work explored available physical monitoring data, evaluated the correlation between probabilities of pluvial 
and tidal flooding, developed a mathematical approximation representing this correlation and used this 
understanding to define the likelihood of coincident pluvial and tidal flood events. To achieve this, historic sea 
level trends had to be established. This enabled a more valid understanding of extreme historic sea level 
events by comparison with their historically normal sea level (traditional analyses compare historic sea level 
events directly, ignoring trend change in historic sea levels). 
 
Results showed that the joint probabilities of tidal and pluvial flooding were similar to previous engineering 
judgement estimates, but the new estimates increased the joint probabilities for smaller (common) inundation 
events and reduced the joint probabilities for large more extreme events. The rate of sea level rise in 
Christchurch was found to have accelerated since 1990 and with higher rates of recent sea level rise than 
previous published estimates. Improved extreme sea level probabilities showed an approximately two-fold 
increase in the frequency of extreme sea levels compared to previous work. 
 
We conclude that the use of long-term linear trends does not adequately represent Christchurch’s sea level 
history, and that accounting for sea level rise within analysis of extreme sea levels removes an otherwise 
significant bias in the conclusions. The importance of the correlation between pluvial and tidal flooding has 
been objectively quantified based on measured data and a model describing the dependencies. This is the 
first such assessment in NZ, establishing a confident basis for further assessment of coastal inundation risks 
and adaptation strategies for Christchurch. 
 
Keywords: joint probability, sea level rise, pluvial flooding, tidal inundation, correlation 
 
1. Introduction 
This paper describes an approach which was found 
suitable to characterise the probability of coincident 
river flooding and high sea levels in Christchurch.  
 
The entire approach is elaborate as described in a 
full report [17]. This paper focuses on development 
and findings from the correlation modelling which is 
unique to this project as well as summarising other 
aspects which are more closely related to existing 
knowledge and common practice. 
 
The paper will support future research of a similar 
nature, as the methodology is likely able to be 
adapted to other locations, particularly within New 
Zealand. As further work is carried out at other 
locations, it will be interesting to learn to what extent 
this methodology may need adaption and whether 
patterns may emerge so that preferred methodology 
might be anticipated based on identifiable 
characteristics at locations for new study. 
 
This introduction continues with a description of the 
Christchurch situation. The paper then gives an 
overview of the method, before focusing on the 
correlation modelling element. 

1.1 Christchurch situation 
Christchurch is a low-lying city on the east coast of 
the South Island, New Zealand.  Two of the city’s 
major waterways discharge into an estuary before 
discharging to the open coast.  There is significant 
urban development on the floodplains of these 
waterways and about the estuary, some of which is 
below mid tide level and behind stopbanks.  There 
are over 24,000 buildings at risk in a 100 yr Average 
Recurrance Interval (ARI) event with 1.2 m of sea 
level rise [14]. 
 
The city is subject to a range of natural hazards, 
including, earthquakes, fluvial, pluvial and coastal 
flooding and tsunamis, amongst others [13, 16].  
Ten years ago, the city suffered a series of large 
earthquakes which significantly altered land levels 
in coastal areas.  Land level change in the order of 
1 metre was experienced in some low lying areas 
[6].  Since the earthquakes there have been several 
significant pluvial, fluvial and tidal flood events with 
many homes flooded [8, 9]. 
The local authority, Christchurch City Council 
(CCC), has a legislative responsibility to manage 
risk associated with natural hazards [11].  Following 
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the earthquakes the Christchurch District Plan [2, 3], 
which sets the framework for managing land use 
and development, was revised and planning rules 
for building within the city’s floodplains were 
updated. Alongside coastal adaptation planning 
processes [10], the CCC has an ongoing large 
stormwater infrastructure programme underway in 
response to the change in risk following the 
earthquakes [4].  
 
To make effective planning and management 
decisions within the city’s floodplains, CCC needed 
to improve its understanding of extreme sea levels 
and how they might combine with extreme rainfall 
events [16].  These two factors are used as key 
boundary conditions (inputs) for evaluating flood 
risk, typically using hydraulic modelling (by flood risk 
here we mean the combination of flood depth and 
probability).   The results of this hydraulic modelling 
have a wide range of uses by CCC, including 
designing flood management infrastructure, setting 
floor levels for new buildings, planning for climate 
change adaptation and emergency management. 
 
The objective of the study was to develop a high 
level of confidence in the selection of these two 
input factors for flood risk evaluation to support 
decision making and design work.  Previously 
engineering judgement had been used to select 
these two input factors, but greater confidence from 
mathematical rigour was required given the 
potential scale of future coastal flooding impacts 
and infrastructure investment. 
 

 
Figure 1   Christchurch map featuring Lyttleton and 
Sumner Head sea level gauging sites and the Avon River 

There are a number of historic monitoring locations 
across the city that measure water level, flow, wind, 
rain and other meteorological data.  The primary 
data used for the study was from the two sea water 
level sites shown on Figure 1 and seven rainfall 
measurement sites. 
 
2. Overview method 
The methodology for this study was developed from 
statistical principles and experience with similar 

previous evaluations. The main part of the 
methodology included 

1. Definition of events and primary variables 
(rainfall and sea level surge) 

2. Qualitative evaluation of correlation trends 
and development of a correlation model 
(section 5 below) 

3. Definition of combinations of paired events 
for any given ARI and selection of paired 
events for hydraulic flood modelling 
(section 6 below) 

 
In this study, significant pre work was required to 
begin the main methodology, including 

1. Primary data review, quality control and 
adjustments 

2. Establishing a sea level rise trend (section 
3 below) 

3. Calculating event based extreme sea level 
statistics after removing the trend bias from 
historic events (section 4 below) 

 
The most sophisticated and novel parts of the 
methodology were development of the 
correlation model and definition of paired events 
for an overall event ARI. The following gives an 
overview of their methodologies. This is 
elaborated on further in sections 5 and 6. 

 
Defining the combinations of paired events for a 
given ARI required a choice of mathematic form. 
The primary requirement was definition of a curve 
relationship between rainfall and surge for a given 
paired event return period. Our method was 
 

1. Chose any initial (arbitrary) rainfall depth 
then use the correlation model to give the 
storm surge distribution which is combined 
with the astronomical tidal statistics to 
derive the conditional probability 
distribution for sea levels. 

2. From this distribution pick the threshold sea 
level that has a conditional exceedance 
probability complementing the rainfall 
exceedance probability (eg: Paired event 
nominal 200 yr ARI, rainfall 50 yr ARI, pick 
the 4 yr ARI from the correlated conditional 
probability distribution for sea levels). 

3. This sea level can then be translated back 
to an unconditional sea level exceedance 
probability (ie: if rainfall depth is unknown). 

 
This method is repeated for as many rainfall depths 
as desired to generate the curve relationship for the 
given paired event return period and specific rainfall 
duration. This is then repeated for other paired 
event return periods and rainfall durations of 
interest. Similar to the correlation model, this choice 
of approach to defining the curves is subjective with 
alternative approaches being possible. 
 
This methodology defines a useful and plausible 
curve shape, but the frequency of observed events 
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which exceed the nominal curve relationship is 
predictably inconsistent with the nominal return 
period for the curve, so a scaling factor approach 
was implemented to correct for this. 
 
3. Sea level rise trend assessment 
Previous published evaluations of historic sea level 
trends in New Zealand had been limited to long term 
trend analyses, with consideration of an increasing 
rate of sea level rise since 1960 [1]. However, since 
the early 1990s the mean sea level trend has 
become increasingly non-linear with an accelerated 
rate of sea level rise. 
 
We used monthly data and corrected for longer term 
astronomical oscillation patterns and IPO and 
ENSO conditions. We then carried out a series of 
bilinear (trend break) regression analyses with more 
recent trend breaks as shown in Figure 2. These 
better reflected the observed data and confirmed to 
a high level of confidence that recent rates of sea 
level rise were higher than historic long term 
average rates. 
 
Several bilinear trends were tested, and all showed 
positive results. Recent rates of rise in average sea 
levels at Lyttleton were shown to be at least 4 mm/yr 
and plausibly as high as 8 mm/yr, much higher than 
recent published simple linear trends of 2.73mm/yr 
since 1960  [1]. In parallel with the more formalised 
work Council compared sea level data from around 
the country and found similarity which supported 
confidence in the Lyttleton sea level data.  
 

 
Figure 2   Mean sea level trends at Lyttleton with monthly 
mean observations [17]. 

While the least severe (4.03mm/yr late rate) trend 
was eventually adopted, our final conclusions were 
shown to be insensitive to the alternatives. 
 
4. Extreme sea levels 
We used this sea level trend assessment to 
‘detrend’ the historic extreme sea level data and 
thus gave appropriate significance to extreme 
events in the earlier historic data.  Previous work [5] 
did not consider trend change in sea levels and 
accordingly these early events had been under-
rated. 
 

The new extreme sea levels were derived for five 
sites and resulted in improved consistency across 
these sites. It also resulted in higher sea levels 
overall and particularly higher for the more common 
extreme events (1-10 year ARI) as shown in 
Figure 3. 
 

 
Figure 3   Extreme sea levels at Sumner Head with 95% 
confidence interval  [17] and comparison to previous 
assessment (Goring) [5]. 

CDD is the local drainage datum and the current 
mean sea level is approximately 9.25 m above 
CDD. 
 
5. Correlation model 
At Lyttleton the sea level data record became 
reasonably reliable after 1924 and daily rainfall data 
began in 1940. But hourly rainfall data started in 
1962, and this defined the period of our historic data 
analysis (58 years from 1962 – 2020). 
 
From the hourly data, definition of event statistics 
was important to enable analysis of events and to 
find correlation. The primary variables analysed 
were storm surge, defined as the difference 
between detrended observed sea level and an 
astronomical tide fit, and rainfall depth defined 
conventionally by rainfall duration of interest. 
 
Rainfall duration was considered by entirely 
separate analyses of three key durations of interest: 
2, 9 and 24 hours. Results from each of the 
durations showed substantial differences in the 
strength of the correlation. 
 
Event selection was carried out primarily on rainfall 
depth, selecting events over a threshold of 
approximately one month ARI. Instantaneous surge 
was smoothed by 24-hour rolling average (this 
period chosen based on understanding of the river 
systems flooding characteristics and some 
sensitivity testing). 
 
Timing of the surge to be associated with each rain 
event was determined to achieve coincidence with 
an estimate of probable timing of the peak river flow 
reaching the estuary mouth associated with each 
rain event. This estimation process was more than 
minor on its own but resulted in selected surge 
timing that was never more than a few hours before 
or after the end of the rain event. 
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The correlation model consisted of continuous 
mathematical functions, that produced a 
satisfactory approximation to the observed historic 
event data, and complied with reasonable prior 
expectations for function shape, especially beyond 
the observed data. 
 
Initial work illustrated and characterised this 
correlation from the raw data as shown in Figure 4 
below. This shows a clear tendency for positive 
surge during rain events, especially those between 
75 and 100 mm. 
 

 
Figure 4   24h rainfall and surge scatter plot with moving 
window percentiles (grey) and smoothed percentiles 
(black dashes) [17]. 

It was found that classification of events according 
to weather patterns was useful. In New Zealand 
Kidson [7] defined 12 characteristic types of 
weather patterns based on isobar maps. NIWA [15] 
aggregated these into two groups (trough and 
blocking).  
 

 
Figure 5   24h rainfall and surge event scatter plot with 
some events classified in various Kidson types, trough 
(green hues) and blocking (red/yellow hues) [17]. 

Using this binary classification, it was shown that 
trough weather types were well associated with the 
significant positive surge events (Figure 5, green 
circles). Although we only had Kidson classification 
data for approximately 5% of our events, we inferred 
that a normal distribution was reasonable to 

represent them based on the larger population 
distribution. Hence normal distributions were fitted 
to each of these two groups (Figure 6). 
 

 
Figure 6   Histograms of surge for the 24hr duration, 
conditional on the Kidson weather patterns (green is 
trough, red is blocking) [17]. 

The event data was then grouped by rainfall depth.  
Within each group the distribution of observed 
events data was established and then the 
combination of blocking and trough normal 
distributions to best fit the observed data was 
determined. This could be all blocking, all trough or 
a fraction of each. These combinations for various 
rainfall depths are plotted as the black line on 
Figure 7 below. Blocking weight means the fraction 
of blocking distribution, (with the balance being 
trough distribution). 
 
For example at rainfall depth near 20mm, the all 
events distribution of surge almost matches the 
blocking distribution of surge. In this instance 
combining 87% of the blocking distribution with 13% 
of the trough distribution was found to match the 
population, hence that blocking weight = 0.87. 
 

 
Figure 7   Blocking weights for 24h rainfall duration. Black 
line shows calculated weights, red and green zones 
illustrate the smoothed approximation [17]. 

Two sine curves were used to create a smooth 
curve fit to the observed combinations. Figure 7 
shows the dominance of observed events with the 
blocking (red) distribution for low rainfall depths and 
trough distribution (green) for 80-100mm rainfall 
depth. 
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This curve was then used as the weighting to 
combine with the two (blocking and trough) normal 
distributions to create the final bimodal normal 
distribution correlation model. 
 

 
Figure 8   Observations and fitted exceedance 
probabilities from the correlation model for the 24-hour 
rainfall duration [17]. 

Figure 8 shows the resulting correlation model for 
the 24-hour rain event with lines showing the 
percentiles of the fitted distributions. Its advantage 
compared to Figure 4 is that it is a more regular 
function constrained by reasonable assumptions 
such as normal distributions, and it can be 
extrapolated to large events beyond the data which 
was required for Council’s purposes. The 
significance of the correlation is evident with the 
elevated surge associated with the mid-range of 
rainfall depths. The orange dot shows the March 
2014 flood event which produced the most 
significant flooding in the past decade and was a 
key driver of Christchurch’s subsequent efforts to 
understand and reduce flooding risks. 
e 
This correlation model enables calculation of 
probabilities continuously for any input variables 
including most importantly variables beyond the 
observed data (extrapolation). 
 
This form of model was satisfying in that it followed 
physical (meteorological) understanding and 
produced a simple and complete outcome, however 
this mathematical formulation is not unique and was 
a subjective choice. 
 
Separate evaluations were undertaken for 2-hour, 
9-hour and 24-hour rainfall durations, with distinct 
correlation model conclusions. This paper presents 
conclusions for the 24-hour duration only. 
 
6. Results 
While the correlation model was derived from 
Lyttleton sea level data because its longer history 
increased the event data available for assessment, 
other work showed a high degree of correlation with 
sea level data at Sumner Head, so use of the same 
correlation model at Sumner Head was justified. 
 

With the unconditional probability distributions for 
rainfall and sea level well characterised, and the 
correlation between sea level surge and rainfall 
established, the key ingredients had been 
established from which to characterise the 
probability of coincident events as outlined in 
Section 2. 
 
The actual event frequencies were almost an order 
of magnitude higher than the nominal return period 
used to derive the unscaled curve. This was 
expected and is because we’re estimating P(X >
x ∩  Y > y) for several points 𝑥𝑥 (rainfall) and 𝑦𝑦 (sea 
water level) on the curve, while we should be 
estimating P(X +  Y >  x +  y). The latter is not 
easy to do, unless 𝑥𝑥 and 𝑦𝑦 are combined into a 
single variable of water level. This water level is 
cumbersome to calculate for many locations and 
variations of 𝑥𝑥 and 𝑦𝑦, so an approach with a scaling 
factor was chosen. We identified the data 
distribution as being exponential and then ran a 
parallel analysis process to establish the perfect 
scaling factors for that distribution. The resulting 
factor is then used to scale our actual findings, and 
this produced appropriate curve relationships such 
that historic observed event curve exceedance 
matched the curve return period.  
 
The results were as shown on Figure 9. The dotted 
lines give the unscaled results, the solid lines the 
(final) scaled results. Note that the scaled results 
are limited by the marginalized probability of their 
respective rainfall and sea water levels. 
 

 
Figure 9   Curve relationships with 200 / 50 / 10 yr event 
exceedance for the 24h rainfall duration scaled [17]. 

Figure 9 shows that there is only one event in the 
observed 58 year data period which exceeds the 50 
yr ARI line (that is the March 2014 event which 
exceeds 100 yr ARI). There are several events, 
some dominated by high rainfall, others by high sea 
level, and others mixed which exceed the 10 yr ARI 
line. 
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An interpretation of Figure 9 is that for a specific 
geographic location in the flood plain, a point on this 
200 yr line is a good estimate to produce 200 yr 
flooding, while other points on the line will produce 
less flooding. At downstream tidal locations, points 
on the upper left of the line will be critical. In 
transitional locations points near the 1:1 line will be 
critical. In upstream locations, points on the lower 
right of the line will be critical. 
 

 
Figure 10   Diagram for picking 200 year ARI boundary 
conditions [17]. 

Model boundary conditions were then chosen 
conservatively as illustrated by the green points on 
Figure 10, so as to ensure that no point on the red 
line could exceed the combination of the chosen two 
green points. 
 
For the 200-year flood modelling, 24-hour rainfall 
duration, this resulted in a recommended boundary 
condition of 200-year rainfall paired with a 13-year 
extreme tide level and a 200-year extreme tide level 
paired with a 13-year rainfall. This and 
recommended pairings for lesser overall events are 
shown in Table 1 below. 
Table 1   Resulting hydraulic model boundary conditions 
for 24-hour rainfall duration 

Joint event ARI  10 
year 

 50 
year 

 200 
year 

Paired ARI 
recommendation 

2 7 13 

Previous rule 1 5 20 

 
For comparison, the previous rule, derived from 
Engineering judgement is also shown. 
 
It was satisfying to find that the new work had 
improved on the previous rule, while at the same 
time showing that the previous rule had been a 
reasonable one given the state of knowledge used 
to derive it. For the 24-hour rain event and a 100-

year ARI joint event, the old and new rules both 
agreed with a 10-year event pairing. 
This methodology also guides the potential use of 
more than two model runs for each design rain 
event. Triple run sets such as 200:2, 25:25, 2:200 
would be expected to produce more realistic results 
than paired run sets. 
 
7. Future implications 
The work presented in this paper has given CCC 
increased confidence in the statistical combination 
of rainfall and extreme sea levels.  This assessment 
will be used for future flood modelling, improve long 
term planning of infrastructure, floodplain 
management approaches and coastal adaptation 
and inform decisions on billions of dollars of public 
and private infrastructure. 
 
As CCC progresses its planning for future sea level 
rise and management of extreme events, this work 
will help inform the estimation of current and future 
flood risk, cost of interventions, projections for local 
increases in sea levels and planning for adaptative 
management plans with the affected communities. 
 
Following the earthquakes and a number of 
significant flooding events the Christchurch 
community has a high level of awareness of natural 
hazards and the impact on their daily lives. A 
number of community groups have an active 
interest in the Council’s approach to hazard 
identification and risk management, particularly 
where those risks are exacerbated by climate 
change. One of the most difficult aspects for 
residents is the impact on their homes and financial 
security[12]. In response the Council is proactive in 
releasing reports and translating complex technical 
material into information that can be understood by 
the general public. 
 
8. Summary 
This work was motivated by a desire for an objective 
understanding of risks in parts of Christchurch 
exposed to both sea level inundation and river 
flooding. 
 
A sophisticated and pioneering assessment of 
Christchurch’s historic sea level and rainfall data 
has been completed. While it was completed with 
mathematical rigour and independent from previous 
anecdotal understandings, its conclusions aligned 
reasonably well with this understanding of a 
significant correlation between high rainfall events 
and high sea level events. 
 
This dependence (complex correlation) has now 
been objectively quantified and serves as a now 
more confident foundation from which Christchurch 
can estimate flood risks in areas that can be 
impacted by both high river flows and high sea 
levels. 
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This work now underpins a major study of 
Christchurch’s future coastal risks and development 
of a long-term strategy response to climate change. 
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Abstract 
The Bay of Plenty Regional Council (BOPRC), New Zealand, in conjunction with the Territorial Local 
Authorities (TLAs) are tasked with the management of hazards, including those related to storm-tide and wave 
inundation and erosion. Exacerbating the likelihood and magnitude of these coastal natural hazards are the 
compounding effects of climate change, anthropological coastal interventions and projected sea level rise 
scenarios. The present study aims to dynamically map coastal inundation caused by these natural hazards in 
the Bay of Plenty (BoP), by means of numerical simulations. A locally adapted version of XBeach is utilised 
making use of powerful Graphics Processing Unit (GPU) computational functionality (XBGPU). This version of 
XBeach was validated and compared to the official released version of XBeach and the results are presented 
here. The present study also illustrates the benefits of using XBGPU through some benchmarking examples. 
These values were also compared with the conventional version of XBeach. The model sensitivities and 
functionality were demonstrated in the BoP at Waihi Beach during Tropical Cyclone (TC) Pam. TC Pam 
resulted in widespread foredune overtopping and low-lying coastal asset inundation. Physical validation is 
illustrated and compared with photographic evidence collected during TC Pam. Two model set-ups are 
presented to illustrate the sensitivities associated with model parameter configurations. The results are 
presented, compared, and briefly discussed. The chosen offshore boundary conditions were extracted from a 
regional, spectral wave model at the 50m contour depth. 
 
Keywords: coastal inundation, storm surge, waves, coastal structures. 
 
1. Introduction  
Coastal communities around the world are faced 
with multifaceted concerns regarding coastline 
stability and coastal inundation. These questions 
and concerns are also made more unclear given the 
uncertainties pertaining to Climate Change (CC).  
Numerous engineering, scientific and planning tools 
have been employed to address some of these 
concerns. These include studies simplifying the 
coastal physical processes to representative 
engineering parametrisations (e.g. [1]), to 
employing Geographical Information Systems (GIS) 
approaches to estimate static inundation levels (e.g. 
[2]). Both these methods inform and empower 
decision makers with a sense of coastal inundation 
magnitudes and extents but do not solve all the 
complexities related to all coastal processes. 
 
Considering only wave related inundation, XBeach 
[3] has been employed for both coastal erosion and 
inundation related studies [4]. XBeach is a process-
based model and thus a step forward from the 
engineering parameterisation approximations of 
wave-runup. In the past XBeach models have been 
employed in both 1- and 2-dimentional (1D, 2D) 
wave-runup studies. These studies still face serious 
computational constraints, especially with the need 
to investigate 2D beaches and embayments, due to 
their spatial extents. Due to the space and time 
dependent interaction of both short crested and 
infra-gravity waves, two dimensional studies are 
required for accurate estimations of local runup 
dynamics.  
 

The National Institute for Water and Atmospheric 
Research (NIWA) in New Zealand maintains 
XBGPU (XBeachGPU), a lightweight version of the 
XBeach numerical model, rewritten in CUDA C++, 
to perform computation on a Graphics Processing 
Unit (GPU) [5]. XBGU is currently available at [6].  
  
1.1 Aim 
The aim of the present study is to present initial 
results obtained with the lightweight version of 
XBeach executed on a GPU. Comparisons with the 
full CPU version of XBeach are presented as 
reference validation first. Some benchmarking 
results as a function of model resolution are 
presented. These results are compared with models 
published in open literature. Finally, a case study is 
presented for Waihi Beach, on the east coast of 
New Zealand and cyclone Pam (2015) is used as 
case study to present the sensitivities of the main 
physical parameters.  
 
2. Geographical setting 
This study is situated on the North Island of New 
Zealand. In Figure 1 (a) New Zealand is depicted 
with the approximate location of Waihi Beach. In 
Figure 1 (b) greater Waihi Beach is given together 
with the larger extent of the XBGPU model 
employed in the present study. The model extends 
all the way out to the 50m contour depth and has a 
physical dimension of approximately 13 by 15km. 
Three validation locations are also indicated in 
Figure 1 (b) and further elaborated upon in Section 
5. 
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 (a) 

 

 
                                      (b) 
Figure 1 (a) New Zealand with the approximate location 
of Waihi beach; (b) Waihi Beach with the three locations 
used as physical validation in the present study. The 
aerial photograph was obtained from Land Information 
New Zealand.  

 
3. Methods 
The process-based model, XBGPU, is used for the 
inundation investigations. XBGPU uses the same 
wave-group resolving wave model and coupled 
hydrodynamics model as XBeach but the models 
are optimised to run on Graphics Processing Units 
(GPU or graphics cards) for improved 
computational speeds. XBGPU has been validated 
against XBeach for identical model domain and 
inputs (refer to Section 4). The benchmarking 
performance of XBGPU is presented in Section 5. 
The model explicitly includes waves (simulated as 
group-varying wave energy) and storm-tide 
(simulated in a shock-capturing hydrodynamics 
model, tightly coupled to the wave model). The 
coupled model allows the simulation to explicitly 

account for wave transformations in the nearshore, 
and the interaction between waves, currents, and 
water levels in the surf zone. The simulation of surf-
zone dynamics is important for inundation 
simulations because it considers infra-gravity wave 
generation, propagation, and dissipation. The 
maximum inundation is calculated on the two-
dimensional grid as the maximum water level and 
maximum flow depth over the duration of the 
simulation. This typically ranges between 3 to 9 
hours.  

The boundary conditions are specified as a set of 
wave parameters. These are the significant wave 
height (Hm0), the peak period (Tp), and peak 
direction (Dir). Together with the directional 
spreading and Peak Enhancement Factor a 
representative JONSWAP [7] wave spectrum is 
created as a boundary condition. The short-crested 
waves and their resulting surf-beat (infra-gravity 
waves) are then propagated into the model. The 
total still water levels recorded during the storm are 
also prescribed.  

 
4. Validation 
In Figure 2 an example of a typical, 2D, coastal 
XBeach model is given. Here the same model was 
executed in both XBeach and XBGPU.  
 

  
(a)                   (b)                   (c) 

Figure 2 A coastal inundation computation indicating the 
RMS wave height with (a) XBGPU; (b) XBeach; and, (c) 
the difference between them.  

 
The errors presented in Figure 2 (c) were calculated 
in conditions where both models used the same 
equations, time steps and boundary conditions. The 
differences are small enough (less than ±0.001m) to 
consider the models as producing similar results. It 
is also important to note the simulation run-time 
differences. XBGPU ran 68.75 times faster (refer to 
Table 1) than the conventional CPU complied 
XBeach. These computational speeds do change 
depending on the relative CPU and GPU 
specifications. 
 

Site 1 

Site 2
 

Site 3
 

Waihi beach 
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4.1 Benchmarking  
Some initial benchmarking results are presented 
here. The model implemented for these tests ran 
with setting determined through a calibration 
process and with a domain extent of 12 790m by 14 
390m. The resulting large model domain is not 
usually used for high resolution XBeach studies but 
due to the increased computational speed of 
XBGPU, these simulations were possible. The total 
simulated period was 6000s.  
 
Table 1   XBGPU benchmarking results. The results are 
compared for three GPU devices: a Quadro K620, Tesla 
K40c and a Tesla P100. 

Model 
resolution (m) 

Run time (s) Approximate 
time step (s) 

Quadro K620 
10 27029 0.074 
20 4069 0.148 

Tesla K40c 
10 6849 0.074 
20 1582 0.148 

Tesla P100 
10 4279 0.074 
20 937 0.148 

 
5. Results 
The results of the present study will focus on 
Tropical Cyclone (TC) Pam as a case study. Pam 
formed on the 6th of March 2015 and dissipated on 
the 20th. Localised inundation was reported with 
some foredunes being overtopped in the Bay of 
Plenty, New Zealand. In Figure 3, validation 
examples are provided of Waihi Beach during TC 
Pam. Various videos and photographs were taken 
during the storm and are used as physical validation 
of the XBGPU  model. The location of the inundation 
extents was determined through approximate visual 
interpretation of the area under consideration. 
Figure 3 (a) illustrates the run-up model output for 
an approximation of the wave conditions during TC 
Pam. A total simulation period of nine hours was run 
with a model grid resolution of 10m. At the 50m 
contour the wave parameters were: Hm0 = 6.8m, 
Tp = 16s and Dir = 90o. The storm-tide level was 
0.9m (NZVD 2016). These conditions were 
extracted from a regional, phase averaged, spectral 
wave model executed in hindcast mode at the 50m 
contour.   
 
Numerous parameter settings were used during the 
full extent of this study. The results presented in 
Figure 3 represent the values that were selected as 
most accurately matching the photographic 
evidence. From Figure 3 ((b) and (c)), the run-up 
depth and extent appear to be accurately modelled 
with XBGPU. Only one validation scenario is 
presented here although numerous were 
performed. In the appendix (Section 9) two more 
validation locations are presented. Here similar 
results are obtained indicating accurately simulated 

run-up extents. In Table 2 the major parameter 
settings for the present study are given.  
 
 

 
                                 (a) 

 
                                  (b) 

 
                                   (c) 
Figure 3   (a) XBGPU  wave run-up results with typical 
parameter settings and a breaking index (γ) equal to 0.65 
for Northern Waihi beach. (b) Photographic evidence of 
runup in the path marked as A and (c) a paused video 
image from point B indicated on the model output results. 
These pictures were sourced from the Department of Civil 
Defence Facebook page. The aerial photograph was 
obtained from Land Information New Zealand.   

 

A 

B 

Site 1 

A 

B 
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Most of the parameters were kept at their default 
values as the gently sloping beaches of Waihi are 
representative of the conditions under which these 
defaults were determined in The Netherlands. The 
space varying bottom friction values were derived 
through GIS techniques assigning roughness based 
on substrate. The wave spectrum introduced into 
the model was narrow and steep. This is a typical 
assumption for large storm conditions once the 
wave spectrum reaches the nearshore. 
Investigating the regional, spectral wave model 
outputs also confirmed these assumptions.  
 
Table 2   The major parameter settings for the XBGPU  
10m resolution model utilised in the present study. 

Model parameter Value 
Wave breaking index (γ) 0.65 (and 0.75) 
Bottom friction (cf) Space varying, Chezy 

formulation 
Wave bottom dissipation 
(wf) 

0.001 

Smagorinsky coefficient 0.3 

Roller slope dissipation 
parameter (β) 

0.15 

Cosine power directional 
spreading  

800 

Peak Enhancement factor  3.3 

 
The model is sensitive to numerous parameters and 
here only the wave breaking parameter (γ) will be 
illustrated. In Figure 4 the same XBGPU model 
configuration and storm parameters are given but 
this time with γ = 0.75. The simulation run-up results 
for γ = 0.65 is given by means of the black dashed 
line. 
 
With a higher wave breaking value more extensive 
wave inundation is observed. The parking lots at 
Waihi Beach are inundated and the main drains at 
points A and B are overtopped. Based on the 
photographic evidence, these extents were 
considered too extreme. The calibration processes 
revealed that γ = 0.65 was much better suited to 
accurately representing the coastal inundation 
during TC Pam (refer to Figure 3). When the area of 
interest has significant reef areas it is also important 
to consider calibrating a space varying wave bottom 
dissipation parameter. As the model resolution and 
the complexity of the underlying bathymetry and 
topography increases, the smaller the model time 
step must be. Smaller time steps imply longer total 
simulation run time. The possibility of model 
instability also increases, and an optimal set of 
parameters must be determined through numerous 
permutations of parameter settings.  
 
6. Discussion 
Model validation is required to ensure physical 
processes being simulated are accurately 
accounted for. Numerous physical parameter 

settings should be calibrated within the bounds set 
by each underlying model or parameterisation. 
Once this has been achieved the model may readily 
be employed for further investigations. For example, 
these models may be used to estimate what the 
future wave inundation extents might be. This can 
be achieved by adjusting the boundary wave 
spectrum and storm-tide level to be correlated with 
future extreme scenarios.  
 

 
Figure 4 Wave run-up induced coastal inundation with a 
XBGPU γ = 0.75. The black, dashed line represents the 
model runup estimation with γ = 0.65. The aerial 
photograph was obtained from Land Information New 
Zealand. 

 
These models are also useful as they improve on 
static, vertical level based, inundation (also called 
bathtub inundation). Here the physical processes 
associated with wave steepness, wave breaking, 
and wave run-up are dynamically solved. Thus, 
producing a much more accurate picture of the real-
world scenario. These types of model may now be 
used by coastal governing authorities for planning 
and mitigation purposes. 
 
XBGPU does still present limitations. These include 
both the computational resolution as well as the 
computational time (although great improvement is 
being seen with offloading computation on the GPU 
and reducing some of the complexity from XBeach). 
The physics being solved are also not all 
encompassing and focused only on surf-beat. 
Adding more physical phenomena with a multi-layer 
non-hydrostatic solver, as done in XBeach, will 
improve the model physics but make the 
computation more time intensive. Thorough 
benchmarking and validation studies are thus still 
required for XBGPU. 

A 

B 
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7. Conclusion  
A new version of the XBeach model is presented. 
The same model code has been used and adapted 
to be lightweight and able to run on graphics cards 
(GPUs). An incredible increase in speed-up is 
obtained and thus makes it possible to run larger 
numerical domain extents. For the validation case 
investigated here, almost 70 times greater speed up 
was achieved between CPU and GPU 
computations. It must be kept in mind that GPU and 
CPU specifications do differ and thus these 
increases are not universal. The XBGPU model 
produced similar results to the original version and 
is depicted via an example difference plot. Further 
model sensitivity analysis was performed, and the 
results indicated that a wave breaking parameter 
equal to 0.65 produced the most accurate results. 
This conclusion was made based on runup 
comparisons with photographic and video evidence. 
These images were taken in 2015 during TC Pam. 
The calibrated model may now be used for further 
scenario-based investigations. For example, 
coastal governing authorities may use this model to 
estimate the extent of future wave, storm-tide and 
sea level rise related inundation studies.  
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9. Appendix  
 

 
                                      (a) 

 
                                     (b) 

 
                                     (c) 
Figure 5 (a) XBGPU simulated run-up results at site 2. (b) 
Photographic evidence of wave run-up at point C with the 
clear inundation of the beach access stairs. (c) 
Photographic evidence of revetment inundation at point 
D. Photographs obtained from the Department of Civil 
Defence’s Facebook page. The aerial photograph was 
obtained from Land Information New Zealand. 

 

C 

D 

C 
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                                      (a) 

 
                                       (b) 
Figure 6 (a) XBGPU simulated run-up results at site 3. (b) 
Photographic evidence of wave run-up at point E with the 
inundation of low-lying areas next to the creek. 
Photograph was obtained from the Department of Civil 
Defence’s Facebook page and the aerial photograph was 
obtained from Land Information New Zealand. 

 

E 
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In 2001 and 2003, four groynes were constructed on Maroochydore Beach at the entrance to the dynamic 
Maroochy River, a popular surf beach and holiday location, in order to provide public beach amenity and 
manage erosion at the Cotton Tree Holiday Park. 
 
 The significance of these structures was that they were built from specifically designed and fabricated, sand 
filled composite geotextile containers (GSC’s). These elements were filled to form building blocks handled by 
purpose-built equipment, to meet design requirements. These units had a theoretical volume of 2.5m3 and 
measured mass of approximately 4.5 tonnes.  
 
During severe wave events, the upper layers of the groynes were noted to be unstable and result in the 
possible displacement of some of the 2.5 m3 containers. Some maintenance had been conducted over the 
years. 
 
Following strong advocacy from locals to maintain the amenity of the user-friendly geotextile structures, 
Sunshine Coast Council (SCC) sought to have the original works upgraded. The design work was conducted 
by Jeremy Benn Pacific with physical modelling by WRL UNSW in 2019. The resultant design included, 
amongst others, an option for 5.0 m3 geotextile containers for reconstruction of the upper layers of groynes #3 
and #4 to address the observed instability in the 2.5 m3 GSC’s. The sea wall was to be built from 2.5 m3 
containers. The practicalities of converting the scale modelled 5.0 m3   units into full size working forms that 
could be handled and placed accurately in the surf zone, on top of the foundation of the original structures 
provided several challenges for the supplier and contractor during the reconstruction in 2020. 

  
This paper seeks to address the issues associated with direct transfer of scale modelling to full working forms, 
including filling, handling, and constructability.  
 
 
1. Introduction 
The evolution of sand filled geotextile forms over the 
last thirty years, has progressed to identify some 
key attributes of the geotextile characteristics, 
fabrication methods, and relative size and volume 
for a given application. [Reference [6][9][12][13] 
 
It is important to identify that according to the 
application at hand, the sand filled geotextile 
container (GSC) will invariably require specific 
characterisation of the geotextile, and importantly 
the filling and handling volumes and methods. [2] 
In 2001 little was known about the true stability and 
performance of the proposed 2.5m3 GSC to be 
used in groyne #1 at Maroochydore. An assumption 
was made at the time that if a uniform mass of 
between 4.0-4.5 metric tonnes would be stable in 
the proposed groyne field.  
Early success and acceptance resulted in the 
construction of groynes #2, #3, and #4 in 2003. 
Figure 1 

 
 

 
 
Figure 1. Maroochydore Groynes 2003 

 
 Field observations and subsequent physical 
modelling determined that due to the wave climate 
and relative angle of the structure to the 

predominant wave direction, some of the upper 
layers of the 2.5m3 GSC’s at Maroochydore could 
be moved or dislodged.[3][5][8][9] 
 

Groyne #1          #2                  #3                   #4 
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 Long term durability of geosynthetics in high energy 
exposed environments constantly poses questions. 
Numerous extraction and sampling programs have 
been conducted on the Maroochydore groynes over 
the years and this formed the basis for the designers 
to adopt a partial reconstruction, whilst maintaining 
the foundation layers of the ElcoRock 1209RP 
composite geotextile containers. 
SCC supported and actioned the public sentiment 
to maintain the beach amenity without rock. SCC 
invited tenders to conduct a redesign proposal. This 
was awarded to Jeremy Benn Pacific. (JBP) 
 Following the design work conducted by JBP and 
physical modelling by WRL in 2019 [5], it was 
determined that one of the reconstruction options 
allowed for a nominal 5.0m3 GSC (with a mass of 9 
tonnes for 90% of units) to be filled and placed in 
groynes #3 and #4. 
 The reconstruction design recommendations had 
been accepted by SCC and formed a key technical 
specification for the public construction tender.  
The authors identified that there were some 
potential issues in regard to the full-size 
dimensioning and handling practicalities. These 
concerns were based on many years of field 
experience and fabrication of GSC’s. 
 
 The objective of this paper is to highlight the 
dimensioning concerns, field trials, and 
methodology to overcome the construction 
problems. 
  
2. Tender Requirements 
 
2.1 Modelling 
 
WRL have extensive experience in modelling 
scaled GSC’s. Three different types of GSC’s were 
constructed, based on the 2.5m3 and a proposed 
double sized 5.0m3 GSC. Figure 2. [5] It is 
important to note that at the time of modelling, WRL 
were not aware of what the final full scale geotextile 
material would be, or the exact source of sand and 
resultant grain size. 
 

 
Figure 2 WRL Modelling 2019 
 
 

 The characteristics of the full-scale geotextile 
material are critical for filling, handling, 
dimensioning, and naturally long-term performance. 
 Each model container was filled and weighed to an 
accuracy of +/- 2g (model scale). 
 
 It is important to recognise that the scale GSC’s 
were able to be: (i) hand filled with sand (ii) sewn 
closed by the fabricator (iii) easily manipulated by 
hand (wet or dry) to verify dimensions and mass. 
 Whilst this is realistic for the laboratory exercise it 
does not translate directly into the full-scale real-
world situation, and thus could be problematic for 
unwary contractors. 
 
  
2.2      Formal Tender Submissions 
 
The supply and construct project, incorporating the 
reconstruction of Groynes #3 & #4, including a new 
GSC 2.5m3 sea wall, was formally tendered during 
late 2019. 
 The tender documents were detailed and 
comprehensive. Problematically for geosynthetic 
suppliers there were a number of documented 
anomalies in the specification that could potentially 
lead to inappropriate submissions, or worst, a 
substandard product. There are currently major 
coastal projects in Australia that have been the 
subject of engineering and environmental problems 
due to confusion of geosynthetic specifications and 
commercial decisions. [6] 
 It was identified that assumptions made from the 
physical modelling [2] may potentially pose practical 
issues to delivering the desired full-scale outcome. 
 These concerns were tabled with SCC during the 
tender period, however there was no opportunity or 
time to explore the potential issues before 
contractors submitted formal tenders. 
 
Hall Contracting were the successful tenderer and 
have a long history of demonstrated projects 
utilising GSC’s throughout Australia and remote 
regions of the Pacific islands. 
 
Geofabrics Australasia, amongst others, had 
submitted commercial offers to supply the GSC’s., 
in line with contractors’ requests. The proposed 
GSC’s were to be fabricated from the latest version 
of 120RP composite, upgraded in 2019 to display 
superior ply adhesion and resultant durability, as 
compared to the already well proven 2001 and 2003 
versions. 
 
3. Construction 
 
3.1     Construction Practicality 
 
During 1999-2000, the author worked closely with 
the then Maroochy Shire engineers, now 
amalgamated as part of the Sunshine Coast Council 
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(SCC) to evolve a GSC solution that would meet the 
coastal engineering requirements, practicality for 
construction, aesthetics, and amenity. The result 
was the now well-established 2.5m3 GSC’s, 
fabricated from a dual layer composite geotextile. 
 
 An important feature of the evolution of the 2.5m3 

containers was the desire to achieve as near as 
possible 100% fill volume utilising a sand water 
slurry, whereby the water assisted in the natural 
compaction of the sand, thus ensuring uniform fill, 
and mass in the GSC’s. This approach at the time 
was quite different to that adopted by others that 
studied the application of GSC’s filled to an effective 
80% of theoretical volume. 
 
 Having established repeatable “building blocks” in 
the GSC’s, the intention was to minimise and assist 
the handling by incorporating specifically designed 
and built handling equipment. This resulted in the 
well-established “J bin and quick hitch attachment” 
that has been adopted on multiple projects around 
the world over the last twenty years. Figure 3. It 
should be noted that the 2.5m3 GSC’s weighing 
approximately 4.5 metric tonnes, when combined 
with the weight of the steel ‘J” bin assembly, quickly 
approach the limits of 35 tonne excavators, 
especially at extended reach. 
 

 

Figure 3 – Geofabrics 2.5 m3 J bin and hopper equipment 
 
3.2 Preconstruction Trials 
 
It was proposed by the first author that based on 
years of GSC design, fabrication, and filling 
experience, that there was a high risk that the 
nominated dimensions would be impractical to 
achieve in the field. 
 In its simplest form this can be demonstrated by 
application of proprietary software such as 
GeoCops. [1] 
Also a well-known volumetric analysis known as 
the paper bag problem or teabag problem is to 
calculate the maximum possible inflated volume 
of an initially flat sealed rectangular bag which 
has the same shape as a cushion or pillow, made 
out of two pieces of material which can bend but 
not stretch. [11]. The tensile modulus of the 
geotextile comes to play here during the hydraulic 

filling process and consideration of potential 
elongation. 

 
It was agreed with SCC that preconstruction trials 
should be conducted to identify potential problems 
and to verify the proposed filling methodology. 
 
The trials incorporated two GSCs. Both were 
dimensionally uniform to the specified full-scale 
footprint of 3.6m long x 2.4m wide. 
 The design had been modelled on achieving a fill 
height of 0.65m i.e. The same filled height achieved 
in the 2.5m3. 
 
The first author had concerns regarding the filled 
height of the trial containers. Although length 
limited, the potential for over height was confirmed 
by the GeoCops modelling. Potentially 1.3m as 
against the desired model height of 0.65m. 
Potentially the width of the GSC would also be 
reduced from the desired 2.4m to 1.6m as the height 
increased. 
 

 
 
Figure 4 – GeoCops Simulation  
 
 
Two versions of trial GSC’s where supplied. One a 
simple rectangular form with two filling ports on the 
top of the GSC. The second unit was height limited 
by insertion of a gusset during fabrication, that 
would ensure the centre line of the GSC would not 
exceed the design height of 0.65m. 
 
 Trials were conducted by the contractor, at 
Mooloolaba beach, approximately 6 kilometres 
south of the Maroochydore project site. 
 
Table 1. Dimensions and weights from nominal 5.0m3 
GSC trials  
 

                                     SUMMARY 
 L   

 mm 
             W 
            mm 

H 
mm 

Mass  
  kg 

  End      Middle    End  Drained 
5.0m3 3380 2460 2420 2460 890 8337 
       
5.0m3 
With 
Gusset 

3390 2275 2240 2275 660 7030 
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 The trials provided an insight as to what problems 
might be encountered during full scale construction. 
Figure 5. The standard unconstrained 5.0m3 
GSC’s were over height at 890 mm and drained 
mass of 8337kg was lower than the design 
requirement being 90% of GSC’s over 9000 kg, 
based on the designers’ requirements. 
The contractor observed that the production filling 
methodology on site at Maroochydore would be 
improved due to a more reliable sand source and 
refined production area. A more efficient filling 
process should lift the volume and resultant mass, 
but equally could further exacerbate the potential 
over height issue. 
 
The gusseted 5.0m3 GSC’s were uniform, height 
appropriate at the centre line of 650mm, but 
significantly lighter at 7030kg than the design 
requirement of 90% greater than 9000kg. 
 
  
 

 
 
Figure 5. Mooloolaba Trials of 5.0m3 March 2020 
 
 
 
The client SCC, and Hall Contracting, opted to 
proceed with the simple, ungusseted 5.0m3 GSC’s 
manufactured by Geofabrics Australasia, from 
1209RP composite geotextile. 
 
3.3 Full Construction 
 
Hall Contracting mobilised for the seawall and 
groyne reconstruction.  
 The top four layers of 2.5m3 GSC’s on the 
existing groynes #3 & #4 were removed. 
Geofabrics sampled the geotextile composite 
material from the original (2003) GSC’s for further 
real time durability analysis. 
 
During the initial stage of groyne construction, the 
condition of the existing foundation layers had to be 
evaluated. This presented challenges due to the 
consistent sand migration over the structure and the 
uncertainty of the location of the existing containers 
due to settlement and original construction 
tolerance.  The investigation was completed by 
excavating a small trench beside the original design 
alignment of the existing groyne and washing the 
sand cover off to expose the top and sides of the 

existing GSC’s for inspection. Each container was 
surveyed and containers that were displaced, 
settled below tolerance, or showed signs of damage 
were removed and replaced. While there was 
evidence of damage and displacement at the head 
of the existing structure the majority of the 20-year-
old GSC’s inspected were of sound conditions with 
less than 10% requiring replacement, the majority of 
which were located in the head.  
 
Initial filling of the 5.0m3 GSC’s on site revealed the 
target weights were still below design. (Table 2.) 
 The methodology was further refined by the 
contractor and subsequently a significant increase 
in the height and mass of the Geofabrics ER500V, 
5.0m3 containers was achieved. 
 
 
 
 Table 2. Evolution of construction mass 
 

    Average mass of three 5.0m3 samples 
Early Construction   8448 kg 
Target Mass   9000 kg 
Refined Construction 11263 kg 

 
  
The refined filling method of the 5.0m3 GSC’s 
revealed far greater efficiency, yet problematically 
this accentuated the “over height issue”, with many 
of the GSC’s filling to well over 1000mm in height, 
some registering as high as 1250mm. This is 
demonstrated clearly in Figure 6. 
 

 
 
 
Figure 6. Over height 5.0m3 after filling 
 
 
The contractor proposed to handle the 5.0m3 
GSC’s by means of large wide web slings and 35 
tonne excavators. 
 This method of handling proved safe and effective 
for short and near reach handling with only minimal 
distortion to the GSC’s. 
 
 A 45-tonne excavator was required for effective 
handling and reach to the end of the groynes. 
 
Historically the GSCs can be manipulated by 
“massaging” with the excavator bucket or J bin 
attachment once placed. The contractor was 
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familiar with this practice, however the degree of 
manipulation required excessive compaction and 
tamping to re-size the height component of the 
GSC. 
 
 Ultimately a vibratory plate was adopted as an 
attachment to the excavator and provided a 
mechanism to tamp and contour the GSC’s to a 
more realistic height. 
 
 It should be noted from the survey records that the 
average height over three layers was 800mm after 
tamping. Significantly higher than the model design 
of 650mm. 
 
Typical average dimensions of the finished 5.0m3 

GSC’s were tabled as follows: 
 
 
Table 3. Finished 5.0m3 dimensions. 
. 

Length (m) Width (m) Height (m) 
3.35 2.31 0.80 

 
 
3.4 Construction Practicalities  
 
As described above, the contractor refined the filling 
method and achieved excellent fill volumes and 
mass in the ER500V GSC’s. The shape however 
was modified, being significantly higher with 
reduced length and width. 
 
 The availability of the Maroochydore east coast 
sand ensured good filling rates with repeatable 
outcomes. The sand was won from a natural spit of 
sand on the southern banks of the Maroochy River, 
approximately 200 metres from the construction 
site. 
 
The 45-tonne excavator was essential to place the 
units on the groyne head in the manner and pattern 
required by the design.  
 
A 500mm blinding layer of sand was placed over the 
GSC’s where the excavator was required to traffic 
over the structure in a straight line as shown in 
Figure 7. 
 Temporary sand bunds were built in the lee of 
groyne #4 in order for the head of the groyne to be 
constructed. 
 
 The contractor observed that the alternating layout 
orientation of the GSC’s did not approximate to 
uniform overlap and interface between the 
containers and suggested a singular layout 
orientation would be desirable in the future. 
 
 

 
 
Figure 7. Excavator tracking over GSC’s with sand 
protection on head of groyne. 
 
 
The flexibility of the 5.0m3 GSCs filled-in-situ 
allowed for differing angles of connection to the 
seawall. 
 
 
4. Conclusions 
 
There has been good correlation of previous scale 
model GSC’s flume testing to real world application, 
and the authors do not suggest that the stability 
analysis is flawed or incorrect.  
 
It is observed however that practical experience of 
full-scale construction, combined with existing 
software models are strong indicators of the true 
dimensional outcomes of a GSC when hydraulically 
filled in the field. 
 
The efforts by the contractor in managing and 
modifying the GSC dimensions to the best of their 
ability is to be commended and it is noted that this 
did not come without significant cost in both 
equipment and time. 
 
There is a further consideration in regard to the 
practical size limits of single cell GSC’s before there 
is risk of fluidisation or movement of the sand fill 
under extreme repeated wave attack. [5] There exist 
fabrication design options to address such 
situations, however these would need to be model 
tested and specification details developed. 
 
The current upgrade of the Maroochydore groynes 
#3 & #4 resulted in a very robust and aesthetically 
pleasing outcome as shown in Figure 8. There are 
lessons learned and performance questions that 
can be answered with ongoing monitoring, however 
importantly it has been demonstrated that a 
repeatable and consistent outcome can be 
achieved and installed in practical terms. 
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Figure 8. Completed groynes #3 & #4 built from 5.0m3 

GSC’s integrated with the new sea wall built from 2.5m3 
GSC’s.  
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Abstract 
The characteristics of ship wake have been well defined through studies into the contribution of ship wake to 
environmental pollution and environmental damage. Specific focus has been on the impacts of vessel traffic 
on local shoreline erosion. The value of ship wake information is not confined to the impacts on environmental 
pollution and damage and may potentially be utilised for other purposes such as: maritime safety; vessel 
monitoring; and turbidity monitoring. The identification of ship wake within water surface and velocity 
measurements has helped improve understanding of the characteristics of ship wake particularly within low 
energy environments. As international shipping movements generally occur within the more exposed open 
ocean shipping channels and lanes there is a need to quantify ship wake in high energy environments, this 
has had less attention. This paper assesses the suitability of using current methods of ship wake extraction 
from high frequency wave buoy data collected near high traffic shipping channels in Queensland. The long-
term wave record is used to quantify the similarities and differences between ship wake and the background 
wave climate. 
 
Keywords: ship wake, wave buoy. 
 
1. Introduction 
The impact of ship generated wake on aquatic 
ecosystems [17], coastal environments 
[20][9][7][26] and as a source of environmental 
pollution [5][6] have been well documented. Studies 
that focus on the contribution of ship wake to 
environmental pollution and environmental damage 
investigate the impacts of vessel traffic on local 
shoreline erosion [7][21]. The value of ship wake 
information extends beyond evaluating the impacts 
of environmental damage and pollution. Ship wake 
information has potential to be utilised for other 
purposes. Detecting wake waves of passing vessels 
could be used as: an aid in avoidance of navigation 
accidents [3], monitoring of illegal activities [6][2] 
including illegal fishing [12], and monitoring turbidity 
[18].  
The basic characteristics of ship wake waves have 
been known for some time [28]. Lord Kelvin first 
presented a theory to account for ship wake waves 
[14]. The identification of ship wake waves within 
sea surface and water velocity measurements [21] 
has helped improve understanding of the 
characteristics of ship wake. Ship wake waves have 
been detected in water surface measurements 
taken by subsurface instruments such as; pressure 
sensors [24], capacitance gauges [21], Acoustic 
Doppler Current Profilers (ADCP) [18], ultrasonic 
echo sounders [11] and Acoustic Wave and Current 
(AWAC) sensors [7]. 
Ship wake waves have been detected within 
datasets of water surface elevation [16] and current 
velocity from these instrument’s [19] time series. 
However, the information is limited to parameters 
such as wake wave amplitude and wake duration. 
The interpretation of the ship wake signal from the 
power spectrum of measured waves was first 

suggested by Tuck et al. [28] and used by Wyatt D. 
and Hall R. [29]. This has led to ship wake wave 
analysis by time frequency techniques [27]. Visual 
presentation of measured ship wake data using 
Time Frequency Representation (TFR), or more 
commonly termed spectrograms, has extended our 
understanding of ship wake characteristics. The use 
of spectrograms to measure ship wake is thoroughly 
discussed by numerous authors [24][25][5][22]. 
 

 

As noted by Torsvik et al., [27] spectrograms 
facilitate a reliable decomposition of the wake into 
constituent components from low-frequency 
precursor waves up to high-frequency signals within 
the frequency range of wind-generated waves. The 
ship wake wave characteristics that can easily be 
identified in spectrograms are also described by 
Torsvik et al. [27] and presented in Figure 1. These 

811



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – December 4, 2021 
Extraction of ship wake information from wave buoy records. 
Daryl Metters, Jim Waldron and John Ryan 
 
are (1) precursor solitary wave, (2) leading wave, (3) 
divergent wave, (4) transverse wave and (5) low 
frequency waves.  
Pethiyagoda et al. [22] described linear and 
nonlinear components of ship wake, the two main 
linear components consist of a sliding-frequency 
mode, representing the divergent waves that travel 
at an angle away from the ship; and a constant-
frequency mode, representing the transverse waves 
that travel in the direction of the ship. Larsen et al. 
[13] add that transverse waves typically have 
smaller heights and Torsvik et al., [27] noted that 
wake systems can maintain their characteristics 
over large distances (order of kilometres) and times 
(order of hours). 
In the spectrogram view of ship wake the divergent 
and transverse waves take on a wedge-shaped 
appearance (noted by Lord Kelvin [14]), which in 
deep water has a half-angle of approximately 19.5 
degrees [27]. The spectrogram can also be used to 
estimate the speed of the passing ship, Trosvik et 
al. [27] proposed a method that used wave 
frequency derived from the spectrogram. This has 
been tested against speed derived from the AIS 
tracking system with reasonable success, 
particularly for ships travelling below 30 knots. 
Ratsep et al. [24} tested three methods based on (1) 
frequency of the leading wave, (2) frequency of the 
lowest frequency of the divergent component at the 
beginning of its signal and (3) a linear fit of the 
transverse component. 
Most measurement-based studies on ship wake 
have been undertaken in low energy environments. 
For example, Parnell et al. [21] measured ship wake 
in Marlborough Sounds in New Zealand, Kelpsaite 
et al. [11] measured ship wake in the Baltic Sea, and 
Gourlay T. measured ship wake in the Swan River, 
Perth, Australia [10]. International shipping 
movements generally occur within exposed open 
ocean shipping channels and lanes; however. 
quantifying ship wake in high energy environments 
has had less attention. 
For over 50 years, the Queensland Government 
Hydraulics Laboratory has been using Datawell 
waverider buoys to collect wave information to 
better understand the physical processes affecting 
the Queensland coastline [23]. There appears to be 
no evidence of wave buoys having previously been 
used for detecting ship wake, in the literature. This 
is surprising, given that waverider buoys are an 
established means of collecting wave information 
used by many organisations around the world for 
decades [4][8]. 
This paper investigates the detection and extraction 
of ship wake information from high frequency wave 
buoy data collected in high and medium energy 
ocean environments near shipping channels in 
Queensland. Ship wake characteristics detected by 
wave buoys are compared to characteristics 
detected using other instruments and with the 
background wave climate at two sites. 

2. Methods 
This study utilised outputs of water surface 
elevation and wave spectra from Datawell 
waverider buoys (0.9m DWR-G) at Caloundra 
(Figure 2), near the shipping channel of the Port of 
Brisbane, and in the Torres Strait near the Great 
North Eastern Channel (Figure 3). Both sites are 
within 5 km of the shipping channel. The Australian 
Maritime Safety Authority vessel tracking database 

(AIS information) was used to extract ship 
movements, and match these with the wake signals 
based on time and date. The process of detecting 
ship wake from waverider buoys initially involves 
examining the time-series plots of water surface 
elevations. If sea conditions are calm, the ship wake 
will appear in the time-series plot as a larger cluster 
rising out of the background waves. While this is 
sufficient to enable detection of the ship wake and 

Figure 2 Location of the Caloundra waverider buoy, 
the transit path and date and time when the ship was 
close to the buoy. 

 

 
Figure 3 Location of Torres Strait waverider buoy, 
the transit path and date and time when the ship was 
close to the buoy. Great North East Channel in pink. 
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allows the user to determine the magnitude and 
duration of the event, it does not provide any other 
useful information. The complete picture only 
unfolds if the water surface elevations are subjected 
to short-term spectral analysis and be presented in 
a spectrogram. The spectrograms are a time series 
view of the spectral wave energy and were used to 
enable visual inspection of each 30-minutes record. 
Spectrograms were generated following the 
methods of Torsvik et al. [27]. Each of the detected 
ship wake records were inspected for five 
characteristics of the signature in the spectrogram 
as outlined by Torsvik et al. [27]. 
Table 1 Average wave height (Hs) and peak wave period 
Tp and measurement type at Caloundra and Torres Strait. 

The background wave record is used to quantify the 
similarities and differences between ship wake and 

the natural wave climate. The characteristics of ship 

wake evident in the wave buoy data are compared 
to the characteristics of the wave climate. Data from 
a capacitance gauge near the location of the 
Caloundra waverider buoy with high frequency data 
records are also analysed and the wake 
characteristics are compared to the characteristics 
in the waverider data. 
3. Results 
Ship wake has been detected within water surface 
elevations and spectrograms of waverider buoy 
data from Caloundra and Torres Strait. 
Of the five ship wake characteristics investigated, 
two were easily identified and one characteristic 
was detected; but not as clearly defined in the 
waverider buoy records. These were found to be 
similar to ship wake characteristics determined from 
modelling and from other types of instruments. If 
wave conditions are suitably calm, then ship wakes 
should stand out from the background noise as is 
shown in the spectrogram in Figure 4. The figure 
also includes a period where the background 
conditions have masked a possible ship wake event 
in the time series plot, despite which there still 
appears to be a strong signature in the spectrogram 
around 11:00 am. From Figure 4 it is clear that, the 
wake signal is maintained over long periods. 
Having identified possible ship wake signatures in 

the 24-hour plot, one can then look at the individual 

Site Average 
Hs (m) 

Average 
Tp (s) 

Type 

Caloundra 
buoy 

0.92 5.4 Waverider 
DWR GPS 

Caloundra 
conductivity 
gauge 

0.92 5.4 Wave pole 
(capatic-
ance gauge) 

Torres 
Strait 

0.52 3.2 
 

Waverider 
DWR GPS 

 
Figure 5 Caloundra water surface elevation and spectrogram on August 17 2020. Ship wake signals are evident in 
the spectrogram but masked in the water surface elevation plots.   

 
Figure 4 Torres Strait water surface elevation and spectrogram on December 9 2020. Ship wake signals are evident 
in both plots, particularly when the background wave heights are lower than 0.3 m.   
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30-minute records where signatures have been 
detected. This is where the power of the 
spectrogram is revealed. Figure 6 shows the data 
from a typical 30-minute record of the Torres Strait 
waverider starting at 02:00 on 9 December 2020.  
In the spectrogram, the wake is depicted by two of 
its linear components- the transverse and divergent 
waves that take on a wedge-shaped appearance. 

The Spectral plot in Figure 6 (bottom) from the 
Torres Strait shows a high energy peak between 1.8 
and 2.3 Hz which corresponds with the frequency of 
the transverse wave. Another spectral peak is seen 
between 0.3 and 0.37 Hz which mostly aligns with 
the divergent wave. A third spectral peak is in the 
low frequency range lower than 0.03 Hz.  

The ship responsible for this wake was identified in 
the AMSA database as a south-bound tanker with 
length of 228 m, beam of 32 m and draught of 7.0 
m, travelling at a speed of 12.7 knots. The ship 
passed within 1,600 m of the buoy and the wake 
took just over 4 minutes to reach the buoy. 
The transverse and divergent wake signatures also 
appear in records from the Caloundra site even 
though this site typically has a higher energy wave 
climate than the Torres Strait (Table 1). Figure 5 
shows a 24-hour record for August 17 ,2020. Unlike 
the time-series plot in Figure 4, it is difficult to 
separate ship wake from the background conditions 
in the surface elevation plot alone. Although not as 
noticeable as they were in Figure 4, the 
spectrogram still manages to identify ship wake 
signatures in these higher energy background 
conditions. It is harder to identify the transverse 
wave component, and at times the higher frequency 
parts of the divergent waves. There appears to be 
evidence of the leading wave embedded in, within 
the background waves around 0.2 Hz. Regardless 
of these limitations, the 30-minutes record from 
Caloundra in Figure 7, show that the wake wave is 
visible in the time-series plot.  
The ship responsible for the wake in Figure 7 was 
identified in the AMSA database as a south-bound 
cargo ship having length of 200 m, beam of 32 m 
and draught of 9.0 m with a travelling speed of 15.2 
knots. The ship passed within 5,770 m of the buoy. 
It took the wake just over 12 minutes to reach the 
waverider buoy. 

4. Conclusions 
This study has shown that waverider buoy records 
are a suitable means of detecting ship wake and 
reporting of wave characteristics of ship wake. The 
results of observations from Torres Strait and 
Caloundra demonstrate that waverider buoys are 
capable of measuring ship wake particularly when 

Figure 6 Torres Strait water surface elevation, 
spectrogram and spectra, December 9 2020 2:00 am 
record. The divergent and transverse waves detectable 
in all three plots. 

 

 
Figure 8 Caloundra water surface elevation, 
spectrogram and spectra, August 17 2020 7:00 am 
record. The divergent wave is clear but the divergent 
wave is masked by the background wave climate.  

 

 
Figure 7 Bar cutting conductance gauge, water 
surface elevation, spectrogram and spectra from 
June 1 1998 14:20 pm record. The draw-down, 
leading and transverse waves are detectable. 
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wave conditions are suitable. In the two examples 
presented here, when the background wave 
frequency is between 0.1 and 0.2 Hz (wave period 
of 5 to 12 seconds) the transverse wave is masked 
in the spectrogram (seen for Caloundra). When the 
background wave frequency is high between 0.3 
and 0.6 Hz (wave period of 1.7 to 3.3 seconds) the 
divergent wake waves are partially masked. It is 
possible that a leading wave is also seen in the 
spectrogram at Caloundra in Figure 7, but it is 
masked somewhat by the background waves. The 
higher wave heights of over 0.3 m at Caloundra, and 
for a short period in the Torres Strait record, mask 
all wake signals in the water surface elevations 
(which will be common to almost all instruments 
attempting to observe ship wake), but not 
completely in the spectrograms.  
The average long-term wave frequency at the 
Torres Strait site is 0.3 Hz or 3.2 second peak wave 
period (Table 1). This is higher frequency than the 
background wave frequency that masked the 
transverse wake wave. The average long-term 
wave frequency at the Caloundra site is 0.18 Hz or 
5.5 second peak wave period (Table 1). This is 
within the range of frequency that masked the 
transverse wake signal at Caloundra. The average 
significant wave height at both sites (Table 1) was 
higher than the minimum background wave height 
considered to allow detection of wake in the water 
surface elevation plots. 
The Transverse and divergent wake waves were 
detected in both the Caloundra and Torres Strait 
waverider records. It appears that there may be two 
divergent waves in the single record of both sites. It 
may be that the first divergent wave (on the left in 
Figures 6 and 7) could actually be a leading wave, 
or there may be two ship wakes in both records. 
This point deserves further investigation as Torsvik 
et al. [27] points out “automatic wake detection can 
be difficult in regions of high frequency of ship traffic, 
where wake features may be overlapping”.  
A limitation which is apparent in the water surface 
elevation, relates to drawdown. So far, the 
discussion has only focused on ship wake, and the 
transverse and divergent waves. As Larson et al. 
[13] point out, while these are the disturbances at 
the bow and the stern of ships, there are other 
waves resulting from pressure and velocity 
distribution along a moving ship’s hull, having 
wavelengths of the same order as the length of the 
ship, which are known as drawdown.  
Importantly Larson et al. [13] say, that drawdown 
has a much longer period than the divergent waves, 
leading to larger velocities and sediment transport 
in shallow water. However, in this study, waveriders 
seem unable to detect drawdown at either of the 
study sites. Investigating this further, historic data 
from a wave pole (conductance gauge) at Bar 
Cutting operated in the 1990’s was reanalysed. The 
wave pole was attached to a navigation beacon 
adjacent to the shipping channel leading into the 
Port of Brisbane. Being fixed to the navigation 

beacon, the wave pole was sensitive to water 
surface fluctuations and changes in water level due 
to tides. As shown in Figure 8, drawdown is clearly 
evident ahead of the ship wake signature, in the 
wave pole record from 1998.  
The spectral plot of the Bar Cutting (Figure 8 bottom 
plot) also shows significant energy at the low-
frequency end of the spectra that most likely 
represents the drawdown. The waverider, on the 
other hand, is free to move with the water surface 
(so it is not affected by tides and other long-period 
fluctuations). So, while it is able to detect the higher-
frequency wake waves, it seems it is not so 
sensitive to the slower long-period movements of 
drawdown. Despite this, the spectral plot for 
Caloundra and Torres Strait shows a low frequency 
energy peak at around 0.02 Hz similar to the Bar 
Cutting low frequency energy peak, which may be 
considered as drawdown or the low frequency 
leading wave. While ship wake can propagate over 
large areas according to both MacDonald NJ. [15] 
and Almström et al. [1], drawdown is generally 
restricted to the area around a vessel (unless it is in 
or near shallow water). As the wave pole was 
attached to a navigation beacon, it was much closer 
to the shipping channel than the waverider, which 
explains why the wave pole was able to record 
draw-down, and the waverider didn’t. 
A point of interest is that the frequency of the 
transverse wake component is slightly lower at 
Caloundra shown in Figure 7, than the transverse 
wave frequency at the Torres Strait shown in Figure 
6. This is possibly due to the different ship speeds 
where the Caloundra ship travelled faster than the 
Torres Strait ship. This observation is supported by 
observations of Torsvik et al. [27] that lower 
frequency waves are generated when the speed of 
the ship is higher. 
The advantage of using waverider buoys over other 
methods, is that they are relatively easy and quick 
to deploy and recover. Unlike pressure sensors 
deployed on the sea-bed, or vertical wave 
transducers and radars, waverider buoys are not 
limited to shallow water deployment. So, they can 
be positioned in deeper water, close to offshore 
shipping channels. They can also operate 
unattended for extended periods, and importantly, 
they can transmit data to shore-based receivers for 
real-time access to their data [4]. 
Regardless of the drawdown limitation, it has been 
demonstrated here that it is possible to use Datawell 
waverider buoys to detect ship wake. The 
advantages outlined above make them a viable 
option for coastal planners and port operators to 
consider. 
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Abstract 
Napier Port on the east coast of the North Island, New Zealand, is developing the 350m long 6 Wharf project. 
The wharf will add additional berthage, improve operations and allow for larger container ships and the Oasis 
class cruise ship.  
 
The wharf design is a piled structure with a suspended deck and under-wharf revetment protection to the 
existing embankment reclamation. The design will cater for the current mobile harbour cranes but will be future 
proofed for ship to shore crane operations. The work scope includes navigation channel and berth pocket 
dredging.  The procurement model is Early Contractor Involvement and the capital cost for the construction 
work is approximately NZ$ 150m. 
 
This paper describes 1) the challenges in design of the under-wharf revetment including assessing berth 
pocket scour and cruise ship bow thruster and azipod propulsion loads, 2) the approach for physical modelling 
to optimise and verify the design and 3) the challenges in the construction phase including concrete armour 
block casting, handling and placement. 
 
Conclusions are that 1) further research is required to develop theoretical equations for single layer orderly 
placed concrete armour blocks for stability against bow thruster and azipod loading, 2) single layer orderly 
placed concrete armour blocks are an economical revetment design, particularly where local rock sources are 
poor or rock size is limited, 3) the presence of piles requires innovative design layouts using multiple block 
sizes, 4) detailed planning is required to develop solutions for block placement and 5) reserve block mass 
should be considered to account for block lifting recesses. 
 
Keywords: concrete armour blocks, berth pocket scour, bow thrusters, azipods. 
 
1. Introduction 
Napier Port is located on the east coast of the North 
Island, New Zealand. Due to continued container 
throughput growth, cruise ship visits and increasing 
ship sizes, Napier Port is developing a new 
container wharf, known as 6 Wharf ( Figure 1), along 
with associated dredging, ground improvement, 
revetment slope protection and civil works. The 
design will cater for the current mobile harbour 
cranes but will be future proofed for ship to shore 
crane operations.  The capital cost for the 
construction work is approximately NZ$ 150m. 
 
The procurement model is Early Contractor 
Involvement (ECI).  Two key reasons for selecting 
ECI were 1) to maximise opportunities within a short 
timeframe and 2) the value engineering available 
with contractor input during the design phase. 
 
This paper focuses on the under-wharf revetment 
protection design, physical modelling to optimise 
and verify the design and challenges in construction 
of the revetment. 

 

 
2. Design Ship 
The critical areas for propeller wash loading are at 
the wharf ends for large ships, noting that ships may 
be berthed facing east or west.  Smaller ships may 
affect the mid sections of the wharf, but the loading 
is less. The Oasis class cruise ship was the critical 
case with respect to propeller wash and scour out of 
five design ships. The Oasis ship parameters are 
shown in Table 1 and propulsion units shown in 
Figure 2 and Figure 3. 
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Table 1 Oasis Cruise Ship Parameters 

Parameter Value 
Length overall 362m 
Beam 46m 
Draught 9.3m 
Displacement 106,042t 
Main engine power (azipods) 3 × 20,000kW  
Main prop diameter 6m 
Bow thruster power 4 × 5,500kW 
Bow thruster diameter 4m 

 
3. Revetment Options 
The concept revetment design for resource consent 
application was based on using local limestone rock 
which has a relatively low density of 2.2-2.5t/m3 and 
has durability issues. This resulted in thick armour 
layers.  For detailed design, a workshop was held to 
discuss issues and explore options for the 
revetment.  Potential options included: 
 
• Using denser more durable rock.  
• Using a concrete mattress for the berth pocket 

and potentially the revetment slope. 
• Using proprietary concrete armour systems. 
• Using bagged smaller size rocks. 
• Using concrete cubes in either single or double 

layers with random or regular placement. 
 
Due to durability requirements, relatively higher 
wave action at the western end of the wharf and cost 
reasons, three options were investigated further: 1) 
dense rock armour, 2) single layer concrete Xblocs 
and 3) single layer concrete cubes.   
 
The contractor evaluated security of material 
supply, royalties (Xblocs), material transport 
methods, available equipment, cost, placement 
methods and placement time. Single layer concrete 
cubes were preferred as materials could be 
supplied locally and there was less risk associated 
with construction.  Whilst concrete cubes consume 
greater concrete volume compared to proprietary 
interlocking armour systems, there are no royalties 
payable and casting and placing cubes is simpler.  
Using dense rock armour transported by barge from 
Northland was more expensive and presented 
security of supply issues. 
 
4. Detailed Design – Concrete Blocks 
 
4.1 Wave Action 
The wave climate at 6 Wharf is dominated by south 
easterly swell waves propagating around the 
breakwater. Due to the ~350m length of 6 Wharf 
and location of the breakwater, the wave climate 
varies along the berth face.  The significant wave 
height for a 100 year return period event varies from 
1.7m - 2.9m along the wharf face.  The peak wave 
period (Tp) is 12-16 seconds. 

Based on design guidance from Van Gent et al in 
The Rock Manual (2007) [1] the required concrete 
block mass for waves varied from 0.7-3.6t. This 
estimate did not include allowance for potential 
instability effects at pile locations.  
 
4.2 Main Propulsion Azipods 
The stern port and starboard azipods can be rotated 
and are orientated at a 6° angle upwards (Figure 2). 
 

 
Figure 2 Oasis Cruise Ship Azipods 

 
4.3 Bow Thrusters 
The Oasis class cruise ship bow thrusters (four) are 
fixed in horizontal position (Figure 3).   
 

 
Figure 3 Oasis Cruise Ship Bow Thrusters 

 
4.4 Applied Engine Power 
PIANC (2015) [2] guidelines for the percentage of 
applied engine power in berthing and unberthing 
manoeuvres are 5-15% for main stern propellers 
and 100% for bow thrusters. Ship simulation for the 
Oasis cruise ship at other ports and communication 
with cruise lines indicated that applied power for 
bow thrusters (four simultaneously) is up to 75% 
and 35-50% for the azipods, though maximum 
applied power is only for relatively short durations. 
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4.5 Estimated Block Size 
In the absence of published predictive equations for 
sizing single layer orderly placed blocks against jet 
flows, published methods for rock armour sizing 
were used. This provided a starting point for 
required mass, recognising that a concrete block 
system behaves differently to rock armour.  
 
Jet flows impacting on the revetment were 
assessed using the German method in PIANC 
(2015) [2] in conjunction with BAW (2010) [3]. For 
the Oasis bow thrusters and azipods there are 
multiple flow fields.  The resultant combined velocity 
was assessed by linear superposition. The increase 
in turbulence and velocity around the piles was 
accounted for by a 50% increase in velocity.   
 
Table 2 shows various applied power percentages, 
efflux velocities, decayed velocities at piles and 
estimated rock armour mass. 
 
Table 2 Theoretical Velocities and Rock Size 

 Azipod 

 1 × 15% 
power 

1 × 35% 
power 

1 × 50% 
power 

1 × 
100% 
power 

Vo (m/s) 6.3 8.4 9.4 11.8 
Vpiles 
(m/s) 4.1 5.4 6.1 7.6 

Rock 
Mass (t) 
M50 

0.15 0.8 1.6 6.0 

 Bow Thrusters 

 4 × 35% 
power 

4 × 50% 
power 

4 × 75% 
power 

4 × 
100% 
power 

Vo (m/s) 4 × 5.5 4 × 6.2 4 × 7.1 4 × 7.8 
Vpiles 
(m/s) 6.9 7.7 8.9 9.8 

Rock 
Mass (t) 
M50 

24 46 109 194 

 
Several observations can be made from the data in 
Table 2: 1) the applied power % is a key input factor, 
2) the equation is very sensitive to the velocity 
squared, 3) the 50% factor for pile effects is a key 
input factor and 4) the required mass for the bow 
thrusters is large for higher velocities.  
 
Assuming a design velocity of 8m/s gives a 
theoretical rock armour size of ~8t.  Ignoring the 
difference in stability mechanisms between rocks 
and blocks, an equivalent concrete block size was 
estimated using a concrete density of 2.4t/m3. This 
gave a ~1.5m cubic dimension for a concrete block.  
Due to the numerous assumptions/parameters 
adopted including applied power, pile effects, 
combined jets and stability mechanisms, physical 
modelling was undertaken for design verification 
and optimisation. 
 

5. Geometric Layout of Blocks 
A loading sketch was prepared which indicated 
impact zones on the revetment from waves, stern 
propulsors and bow thrusters. The intent was to 
optimise block sizes in non-critical areas however it 
soon became apparent that fitting blocks around 
piles was an issue and different size blocks were 
required.  The length on some blocks was increased 
to 2m and the height was reduced to 1.4m to 
maintain concrete volume. This resulted in six 
different block types under the wharf structure 
ranging from 6.5t to 13.8t (Figure 4 and Figure 5). 
 

 
 Figure 4 Plan of Block Layout 

 
Figure 5 Cross Section of Block Layout 

 
The design porosity (gaps between blocks) was set 
at 28% in accordance with published guidelines [4]. 
A two stone thickness underlayer is provided (D50 = 
0.72m) overlying geotextile. The underlayer has a 
narrow grading with D85 / D15 < 1.5. The blocks were 
arranged around piles such that they did not create 
a point load (in the transverse direction) onto the pile 
(Figure 4). 
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6. Berth Pocket Scour 
For a bed velocity of 5m/s, estimated scour depths 
ranged from 2-3.5m using predictive equations 
developed for various scour scenarios and material 
types. Bathymetric surveys undertaken by Napier 
Port show that scour at 2 Wharf (where the Ovation 
of the Seas cruise ship berths) is approximately 1m.  
In the navigation channel where ships increase 
engine power to depart port, the bathymetric survey 
indicates a scour hole approximately 2.9m deep. 
 
A protective scour apron was considered in the 
western section of the berth pocket where marine 
sediments are present.  Calculations indicated a 
required rock size of Dn50 = 0.8m.  The eastern 
section of the berth pocket has the Mangaheia rock 
formation present hence scour protection is not 
required. Alternatives considered included 1) 
extending the revetment deeper to the predicted 
scour depth, 2) a falling rock apron and 3) a 
concrete mattress. 
 
Master-planning studies commissioned by Napier 
Port indicated that a berth pocket at -13m CD would 
be adequate for the medium term while deepening 
to -14.5m CD may be required in the long term.  Due 
to the interim higher berth pocket it was decided that 
scour protection at the western section would not be 
installed, and that regular seabed level monitoring 
would be undertaken to monitor actual scour and 
any impacts.  Slope stability was checked for the 
deeper berth pocket level at -14.5m CD and in the 
interim case, scour would need to extend ~4m deep 
before the toe armour would begin to fall and 
reshape.    
 
For the western section of the berth pocket the 
concrete block toe comprises four blocks that 
extend 6m (Figure 5).  For the eastern section of the 
berth pocket, the blocks terminate in the Mangaheia 
rock with a grout plug at a point coincident with the 
berth face line. 
 
7. Physical Modelling 
Physical modelling was undertaken at the UNSW 
Water Research Laboratory, Sydney.  The model 
testing included using a 2D flume for wave action 
and a deep water basin for propeller wash, both at 
a Froude scale of 1:30. 
 
7.1 Wave Action (2D Flume) 
A total of 5 test runs with various design still water 
levels and wave heights were proposed. It was 
decided to undertake test runs 1, 3 and 5 initially 
and then review.  Test 1 showed minor movement 
for two blocks at the crest which was assessed to 
result from underlayer settlement and/or movement 
around the pile location (Figure 6). No further 
movement occurred for following tests in this 
location and no other movement of the concrete 
blocks occurred elsewhere.  The three tests showed 

the design performed adequately under wave action 
loading and tests 2 and 4 were not undertaken. 
 

 
Figure 6 Block Movement at the Crest (test run 1) 

 
7.2 Propeller Wash (Deep Water Basin) 
Table 3 shows test runs, applied engine power and 
efflux velocities.  The azipod was modelled using a 
3-blade propeller 200mm in diameter (6m 
prototype).  The bow thrusters were modelled using 
four jets with 127mm diameter tunnels (3.8m 
prototype thruster tube diameter). 
Table 3 Test Runs for Oasis Azipods and Bow Thrusters 

Test 
Run 

Propulsion Type 
and No. Units 

Applied 
Engine 
Power (%) 

Efflux 
Velocity 
Vo (m/s) 

1 Azipod, 1 15 6.3 
2 Azipod, 1 35 8.4 
3 Azipod, 1 50 9.4 

4 
Azipod, 1 (model) 
representing 2 
(prototype) 

50 14 

5 Bow thruster, 4 75 7.1 

6 
Azipod, 1 (model) 
representing 2 
(prototype) 

100 18 

7 Bow thruster, 4 100 7.8 
 
For test run 4, the efflux velocity (9.4m/s + 4.9m/s = 
~14m/s) is estimated from two azipods in line and 
directed toward the revetment perpendicular to the 
wharf.  One azipod is located ~36m from the 
revetment and the second azipod ~66m from the 
revetment. Test runs 6 and 7 represented over 
stress conditions to investigate design resilience.  
All tests were conducted cumulatively, and no re-
builds undertaken. 
 
7.2.1 Efflux Velocity Calibration 
For the azipod, the rotational speed of the propellor 
was calibrated to efflux velocity. For the bow 
thrusters, the combined jets (4) velocity field was 
measured at four distances (Figure 7 shows the 
profile at 10.5m). This was undertaken without the 
revetment to remove any interference. 
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Figure 7 Bow Thruster Velocity Calibration at 10.5m 

 
Efflux velocities were measured during stability 
tests to compare against target values.  Table 4 
shows this comparison for the Azipod. 
 
Table 4 Azipod Measured Efflux Velocities 

Test Target Velocity 
(m/s) 

Measured Velocity 
(m/s) 

1 6.4 5.6 
2 8.3 7.6 
3 9.3 8.8 
4 14 14.7 
6 18 17.4 

 
7.2.2 Testing 
Figure 8 shows the model in the basin for azipod 
and bow thruster testing.  Note that the perspex 
deck is raised for access and visibility of the 
revetment blocks.  The top of the row A (landward) 
piles indicates the actual soffit of the wharf deck 
(Figure 9). 
 

 
Figure 8 Model for Azipod and Bow Thruster Testing 

 
Figure 9 shows testing under four bow thrusters at 
75% applied enginer power (test run 5), photo view 
is longitudinal along the wharf. Note the 
longtidudinal flow direction resulting from the jet 
striking the revetment and turning to dissipate. 
Figure 10 shows the post-test condition under two 
azipods at 100% (test run 6 overstress) where three 
blocks moved.  For test run 7 (overstress), one block 
moved at the toe.    

 
Figure 9 Test Run 5, 4 Bow Thrusters at 75% 

 

 
Figure 10 Test Run 6, 2 Azipods at 100%  

 
7.3 Theoretical vs Modelled Velocities 
Velocities were measured at six locations on the 
revetment. Points of interest are: 
 
• For azipods, theoretical velocities at the 

revetment were 10-30% higher than measured 
velocities. For four bow thrusters, theoretical 
velocities at the revetment were ~35% lower 
than measured velocities. 

• For azipod testing at 15% power the velocity 
was ~27% higher near the piles compared to 
between the piles.  At higher applied power 
there was less difference between locations and 
no difference at 100% power for azipods. 

 
7.4 Finalising the Revetment Design 
A minor block size change was made at the crest. 
Otherwise the design was maintained as the 
physical modelling showed good hydraulic stability 
in several scenarios.   As the peak propeller wash 
loading is at the wharf ends the mid-section block 
sizes could be reduced.  However, a new block 
layout would introduce construction inefficiencies 
and reducing the armour thickness lowered 
geotechnical stability under liquefaction loading and 
this was not acceptable. 
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8. Construction Aspects 
The armour block vertical tolerance target of 
±0.24m and horizontal tolerance of ±0.25m were 
critical in choice of construction method for block 
placement. While a hanging type solution was 
desirable from a programme and resource usage 
perspective, it was decided that a physical 
connection between block and machine was 
required to maintain tolerances. As the site is 
constrained for space without large areas for block 
storage and curing, there was some concern that 
early age blocks could not withstand forces from an 
internal pressure connection hence an external 
clamp solution was focussed on. 
 
To allow placement of blocks in an efficient manner, 
a PC1250 Komatsu with a previously modified 28m 
boom and larger counterweights was reviewed. 
While it was found the PC1250 could lift the blocks, 
there was not sufficient comfort that the operation 
could be repeated 4,500 times without resulting in 
an overload situation. Following significant work 
with the construction team and comments from 
WorkSafe, it was resolved that the counterweight 
would be extended rearwards to provide further 
stability (Figure 11).  
 

 
Figure 11 Block Handling Trial 

    
To allow placement of blocks in water depth up to 
16m, multiple items were considered including block 
size, construction tolerance for pile rake and 
position, machine access angles and repeatability 
of survey. It was identified that repeatable survey 
would be critical to meeting construction tolerances. 
To enable this, a single sized recess was applied to 
all blocks.  Other modifications included reducing 
the block width by 10mm, introducing chamfers on 
block faces (transverse direction) and notching 
some blocks at the base (for blocks near piles). 
Checks were made for reduction in block mass. The 
work method developed for block placement 
resulted in fifteen types of blocks (Figure 12).  

 
Figure 12 Grab for Blocks and Block Types 

 
8.1 Concrete Mix Trials 
With blocks up to 13.8t (under the wharf), there was 
a significant risk of exceeding specified differential 
temperatures during curing. Trial mixes were 
carried out using temperature probes with 30MPa 
concrete mix with fly ash for 320kg/m3 and 
350kg/m3 cementitious content. To control risk of 
elevated internal temperatures, a fly ash mix with 
cementitious content of 320kg/m3 was used. 
 
8.2 Modelling and Survey System 
The revetment blocks, platform staging, excavator 
and piled structure were all digitally modelled.  This 
enabled multiple work stage sequences to be 
produced (Figure 13). 
 

 
Figure 13 Digital 3D Model 

 
A bespoke survey system was developed to 
achieve: accuracy and repeatability, reliability to 
minimise downtime, oversight from the construction 
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engineer, output of data to enable analysis and as-
builts for designer sign-off and ease of use for the 
excavator operator. 
 
8.3 Concrete Block Casting 
To enable casting of blocks at a sufficient rate to 
keep up with placement and trailing activities, 
moulds were developed with removable inserts to 
account for the varying shapes. While expensive to 
construct, steel moulds were critical to continually 
meet construction tolerances (Figure 14). 
 

 
Figure 14 Mould with Recesses 

 
8.4 Access Platform and Block Placement 
A platform was created that enabled placement of 
all blocks. While initial concepts had a platform that 
was perpendicular to the slope, this caused too 
many pile ‘shadows’ when trying to place blocks 
behind piles. A temporary access platform was 
designed and constructed as shown in Figure 15.  
 

 
Figure 15 Temporary Access Platform 

 
Geotextile was cut to form a vertical sleeve around 
piles. To avoid puncturing geotextile during rock 
underlayer placement, land trials were undertaken 
to model dumping rock through the water column. 
 
Due to turbidity, depth and placement radius, the 
operator is not able to see the block once it enters 
the water. A dogman was used to navigate the load 
between piles, whilst the operator reviews the block 
position in real time on a screen inside the cab. 

During placement, this screen can be rotated in 
three dimensions to enable the operator to review 
spaces between adjacent blocks, or space between 
block and pile. Once the live as-built information is 
correct, the operator stores information. Divers 
checked block placement around piles and any 
significant level differences between blocks. 
 
9. Summary  
The under-wharf revetment for 6 Wharf is required 
to resist high propeller wash loading from ships.  
Multiple armouring options were investigated. 
Single layer orderly placed concrete blocks were 
selected based on a multi-criteria assessment. 
 
Concrete blocks were sized based on wave action 
and propeller/bow thruster wash. The hydraulic 
stability of concrete blocks was initially assessed 
using published empirical equations for rock 
armour. This method resulted in large masses, 
particularly for bow thrusters. The stability 
mechanism for blocks differs to double layer rock 
armour and research on predictive equations for 
hydraulic stability against jet flow for single layer 
orderly placed is required.  The presence of piles 
required several block sizes to be developed.  
 
The physical model testing showed that the design 
using single layer concrete blocks is adequate to 
withstand design wave action and propeller wash 
loadings. For azipods, theoretical velocities at the 
revetment were 10-30% higher than measured 
velocities. For four bow thrusters, theoretical 
velocities at the revetment were ~35% lower than 
measured velocities.    
 
The contractor developed a work method for 
placement of blocks that considered placement 
tolerances, pile locations, pile tolerances and rake, 
mass of block and access. This resulted in 
modifications to blocks that included recesses for 
lifting, chamfers and notches that reduced risk and 
enabled placement of blocks.  Care should be taken 
that recesses do not compromise required mass.  A 
digital model was prepared of the revetment and 
construction equipment/staging which assisted in 
development of the work method.  
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Abstract 
Coastal bridges are often lifeline structures and their failure as a result of tsunami incident can significantly 
obstruct disaster relief and rehabilitation efforts. Hundreds of coastal bridges were washed away or heavily 
damaged by the major tsunamis in Indonesia (2004), South Pacific (2009), Chile (2010), and Japan (2011). 
Developing resilient infrastructure that can withstand and remain operational following a tsunami impact would 
significantly improve the post-disaster recovery of the affected areas.  
 
In this literature study, the most common bridge failure mechanisms were investigated from post-tsunami 
reconnaissance surveys following the 2004 Indian Ocean, 2009 South Pacific and 2011 Japan tsunamis. 
Considering the limited codified design guidance available for tsunami resistant bridges, proposed equations 
for tsunami loadings on bridges from a number of researchers have been collated. A review of the theoretical 
and experimental studies was carried out to identify and quantify tsunami forces acting on bridges. None of 
the sources of guidance are sufficient in themselves for determining the requirements for estimating tsunami 
loads on bridge superstructures. All available guidance depends on accurate information about tsunami flow 
depth or tsunami flow velocity, or both. Comparison of the currently available equations shows that there is no 
consensus on the general form of equations for estimating forces; that is, whether the equations should have 
a hydrostatic form, a hydrodynamic form, or a combination of both.  
 
Keywords: Tsunami, bridge, force, failure mechanism. 
 
1. Introduction 
Tsunami hazard in New Zealand (NZ) is no less 
significant than the earthquake hazard. There are 
over 1,500 bridges that connect road and rail 
networks in NZ, and many of these are on or near 
NZ's 15,000km of coastline. Any major damage to 
these bridges could result in traffic disruption and 
impede post-event emergency response. Tsunamis 
can cause severe damage or destruction of bridges 
that are up to 3km upstream from the coast [21].  
 
Large earthquakes are the most common source of 
tsunamis, and 80% of all large earthquakes occur in 
the Pacific Ocean. It is not surprising that NZ has 
been affected by many tsunamis in the past. No part 
of NZ's coast is free of tsunami hazard, but some 
parts of the coast are more exposed than others 
because of proximity to local sources, orientation 
with respect to distant sources, shape of the 
coastline, and inland topography [21]. The aim of 
this paper is to provide relevant background about 
bridge failure mechanisms due to tsunami effects, 
and to review existing guidance in bridge design 
codes for tsunami loadings on superstructure. 
 
2. Bridge Failure During Tsunami Events 
Field reconnaissance and damage investigations 
following large tsunamis provide valuable 
information on the bridge failure mechanisms and 
the vulnerability of bridges during tsunamis, which 
is also helpful for designing tsunami-resilient 
structures. Field investigators observed damaged 
bridges in the adjacent coastal zone following the 

2004 Indian Ocean and the 2011 Japan tsunami 
events [1, 2, 10, 11, 12, 17, 18, 22, 23, 24, 25, 26]. 
Important findings from the review of these 
investigations include: 
 
• The most common damage was washout of 

bridge superstructures, often with bridge piers 
left standing.  

• Many bridge superstructures were rotated 
(about a vertical axis) as they were washed 
away, but some remained in place because of 
non-uniform lateral movement and subsequent 
interlocking of spans.  

• The most common failure mechanism was 
failure of the superstructure to substructure 
connections. In many bridges the seaward 
connections failed first under uplift loadings with 
subsequent shear failure of the inland 
connections, while in other bridges the 
connections sheared under direct lateral 
loading.  

• Reinforced concrete (RC) bridges, prestressed 
concrete girder bridges, and RC moment-
resisting frame bridges appeared to fare better 
than steel truss or steel girder bridges.  

• Low bridges and high bridges often survived, 
because their superstructures were deeply 
submerged or above the tsunami height.  

• Other failure mechanisms included scour 
around bridge abutments and supporting piers, 
foundation or pier failure, and failure due to 
debris impact.  
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The observed failure mechanisms indicate that 
tsunami loadings for bridges should account for 
uplift, lateral, overturning, rotational loadings, and 
floating debris impacts. 
 
3. Types of Tsunami Effects and Forces 
Accounts of recent tsunamis suggest that tsunami 
events can be classified as one of two types: (a) a 
turbulent tsunami bore that formed when the 
tsunami wave broke before reaching the shoreline, 
or (b) a rapid rise in water level, possibly in the form 
of an asymmetric unbroken wave [13, 14]. The type 
of tsunami occurring at a particular location 
depends on factors such as the width and depth of 
the continental shelf, coastline shape, and 
steepness of the land immediately inland of the 
shoreline [20, 28]. Any actual tsunami event could 
be one of these two types, somewhere in between 
them, or a combination of both. For both types, there 
will be large horizontal and vertical forces with the 
same order of magnitude [14].  
 
The following types of tsunami forces have been 
identified by researchers: (a) horizontally: impulsive, 
hydrostatic, and hydrodynamic; and (b) vertically: 
impulsive, hydrodynamic drag, uplift (upward), 
buoyancy, and additional gravity (from water 
accumulating on the bridge deck) [4, 6, 7, 14, 15]. 
Also, previous studies revealed that horizontal force 
has two phases in their measured time history: (a) 
an impulsive phase of short duration (order of 
milliseconds) that occurs at the first arrival of the 
bore front at the structure, and (b) a quasi-steady 
phase with longer duration (order of seconds) that 
starts from the time of the full inundation of the 
structure.  
 
4. Estimation of Tsunami Loads 
This section presents a review of tsunami flow loads 
on bridge superstructure. Review of the impact of 
floating debris, loads on piles and bridge scour is 
not the scope of this paper. Debris impact loading 
can be extremely large and complex. Piles generally 
experience smaller force than superstructures.  
 
4.1 Tsunami Design Standards 
Several publications have been prepared by 
regulatory authorities to provide specific guidance 
for estimating tsunami loads on buildings [4, 6, 9]. In 
the absence of specific guidance for estimating 
tsunami loads on bridges, some researchers have 
adapted the recommendations for buildings [16, 19, 
29]. The recommendations by Yim et al. [29] for 
estimating tsunami forces on bridge superstructures 
are partly based on a proposed method for 
estimating tsunami hydrodynamic forces on 
buildings [28].  
 
Livermore [16] evaluated the CCH building code [6], 
FEMA [9] and 2010 edition of ASCE [4] equations 
(refer to Sections 4.1.1, 4.1.2 and 4.1.3) specified 

for estimating tsunami forces on buildings, and with 
some modifications adapted the equations for 
estimating tsunami loads on bridge superstructures. 
The main modifications for equations that have a 
hydrostatic form are (a) the replacement of the 
height of the tsunami above the ground level with 
the height of the tsunami above the underside of the 
bridge superstructure, and (b) for the height over 
which the force acts, replacement of the height of 
the tsunami above the ground level with the vertical 
depth of the bridge superstructure. For equations 
with a hydrodynamic form that are a function of the 
maximum momentum flux, the main change is the 
replacement of the term with the corresponding 
expression in the standard hydrodynamic equation. 
The use of the maximum momentum flux term 
assumes that the tsunami momentum over the full 
depth of the tsunami is transferred to the building. 
For a bridge this is not the case, because part of the 
tsunami momentum passes under the bridge 
superstructure and part passes over. The Livermore 
approach was adapted in Sections 4.1.1, 4.1.2 and 
4.1.3 below. Figure 1 shows the notation relating to 
the parameters used in equations presented in 
Section 5. 
 

 
Figure 1   Notation relating to tsunami characteristics and 
bridge dimensions. 
 
4.1.1 City and County of Honolulu (CCH) Building 

Code 
The guidance for the structural design of buildings 
and structures subject to tsunamis in Chapter 16 of 
the CCH Building Code [6] contains equations for 
hydrostatic and hydrodynamic (drag) forces. The 
Building Code equations are not directly applicable 
to bridges and have been adapted for bridge 
superstructures as below: 
 

𝐹𝐹𝐻𝐻𝐻𝐻 = 𝜌𝜌𝜌𝜌�𝑑𝑑𝑤𝑤𝑤𝑤𝐻𝐻 − 0.5𝑑𝑑𝐻𝐻𝑠𝑠 + 0.5𝑢𝑢𝑏𝑏2𝜌𝜌−1�𝑑𝑑𝐻𝐻𝑠𝑠  (1) 
𝐹𝐹𝐻𝐻𝐻𝐻 = 0.5𝜌𝜌𝐶𝐶𝐻𝐻𝐻𝐻𝑢𝑢𝑏𝑏2 𝑑𝑑𝐻𝐻𝑠𝑠  (2) 

 
where FHs = hydrostatic horizontal force in the flow 
direction per unit length of the bridge; ρ = the density 
of the sea water; g = acceleration of gravity; dwgs = 
height from the soffit of the bridge girders to the 
surface of the tsunami; dsp = bridge deck height 
including any railings or parapets; ub = tsunami 
horizontal flow velocity; FHd = drag horizontal force 
in the flow direction, per unit length of the bridge; 
and CHd = coefficient of hydrodynamic horizontal 
(drag) force (assumed to have a value of 2.0). 
 
Equation 1 has a hydrostatic form with velocity head 
added to the height of the tsunami bore. The 
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Building Code impulsive force (FHi) is estimated as 
the sum of the hydrostatic and hydrodynamic forces 
when the building height is less than three times the 
tsunami flow depth in front of the building. This 
practical approach can be applied to a bridge 
overtopped by a tsunami bore. The resulting 
equation for impulsive force for a bridge deck is: 
 

𝐹𝐹𝐻𝐻𝐻𝐻 = 𝐹𝐹𝐻𝐻𝐻𝐻 + 𝐹𝐹𝐻𝐻𝐻𝐻  (3) 
 
CCH does not recommend any equation for vertical 
hydrodynamic force estimation. 
 
4.1.2 Federal Emergency Management Agency 

Guidelines (FEMA P646) 
The document “Guidelines for Design of Structures 
for Vertical evacuation from Tsunamis” [9] provides 
guidelines on tsunami loads and their effects on 
buildings, which is based largely on a report by Yeh 
et al. [28]. FEMA P646 provides equations for 
hydrostatic, hydrodynamic, and horizontal impulsive 
forces, and hydrodynamic vertical and buoyant 
forces. The adapted equations to estimate tsunami 
forces on bridge superstructures are as follows: 
 

𝐹𝐹𝐻𝐻𝐻𝐻 = 𝜌𝜌𝜌𝜌�𝑑𝑑𝑤𝑤𝑤𝑤𝐻𝐻 − 0.5𝑑𝑑𝐻𝐻𝑠𝑠�𝑑𝑑𝐻𝐻𝑠𝑠  (4) 
𝐹𝐹𝐻𝐻𝐻𝐻 = 0.5𝜌𝜌𝐶𝐶𝐻𝐻𝐻𝐻�𝑢𝑢𝑏𝑏2 𝑑𝑑𝐻𝐻𝑠𝑠�  (5) 

 
FEMA P646 recommends a value of 2.0 for a CHd. 
The horizontal impulsive force is recommended as 
1.5 times the hydrodynamic force. FEMA P646 
states that the impulsive horizontal force only 
applies to the part of the structure where the 
tsunami bore front is situated as it passes through 
the structure, and that the part of the structure 
behind the bore front experiences only a 
hydrodynamic drag force. It is specified that the 
maximum combination of impulsive forces and 
hydrodynamic forces should be used in design. 
FEMA P646 recommends that buoyant and 
hydrodynamic forces are applied concurrently to the 
structure. 
 
The vertical velocity component of the tsunami flow 
proposed by FEMA P646 to estimate the 
hydrodynamic vertical force is: 
 

𝐹𝐹𝑉𝑉𝑉𝑉 = 0.5𝜌𝜌𝐶𝐶𝑉𝑉𝑉𝑉𝑢𝑢𝑣𝑣2 𝑊𝑊𝐿𝐿  (6) 
𝑢𝑢𝑣𝑣 = 𝑢𝑢𝑏𝑏 𝑡𝑡𝑡𝑡𝑡𝑡 𝛼𝛼  (7) 

 
where FVu = vertical uplift force per unit length of the 
bridge; CVu = coefficient of vertical hydrodynamic lift 
force; uv = tsunami vertical flow velocity; WL = bridge 
deck width; and α = ground slope at the structure. 
FEMA P646 recommends a value of 3.0 for CVu.  
 
4.1.3 American Society of Civil Engineers (ASCE) 

Guidelines (ASCE/SEI 7-16) 
The 2016 edition of ASCE Minimum Design Loads 
for Buildings and Other Structures, ASCE/SEI 7‐16 
[4] Chapter 6 covers tsunami loads and effects on 

buildings. It can be used for other structures by 
replacing relevant parameters [16]. ASCE/SEI 7-16 
defines two load cases that might be relevant to 
bridges after appropriate adaption: (1) the height 
from the soffit of the bridge girders to the surface of 
the tsunami (dwgs) is equal to two-thirds of the 
maximum dwgs, and ub is the maximum horizontal 
velocity, and (2) dwgs is at its maximum value and ub 
is one-third of the maximum. The adapted equations 
from ASCE/SEI 7-16 for tsunami forces applicable 
to bridges are as follows: 
 

𝐹𝐹𝐻𝐻𝐻𝐻 = 𝜌𝜌𝜌𝜌�𝑑𝑑𝑤𝑤𝑤𝑤𝐻𝐻 − 0.5𝑑𝑑𝐻𝐻𝑠𝑠�𝑑𝑑𝐻𝐻𝑠𝑠  (8) 
𝐹𝐹𝐻𝐻𝐻𝐻 = 0.5𝜌𝜌𝐼𝐼𝑡𝑡𝐻𝐻𝑉𝑉𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶�𝑢𝑢𝑏𝑏2 𝑑𝑑𝐻𝐻𝑠𝑠�  (9) 
𝐹𝐹𝐻𝐻𝐻𝐻 = 0.75𝜌𝜌𝐼𝐼𝑡𝑡𝐻𝐻𝑉𝑉𝐶𝐶𝐻𝐻𝐻𝐻𝐶𝐶𝐶𝐶𝐶𝐶�𝑢𝑢𝑏𝑏2 𝑑𝑑𝐻𝐻𝑠𝑠�  (10) 
𝐹𝐹𝑉𝑉𝑉𝑉 = 1.5𝜌𝜌𝐼𝐼𝑡𝑡𝐻𝐻𝑉𝑉𝑢𝑢𝑣𝑣2 𝑊𝑊𝐿𝐿  (11) 

 
where CCx = coefficient for the proportion of closure 
(assumed to be 1.0 for bridges); and Itsu = 
importance factor with a value dependent on the risk 
category according to ASCE/ICE 7-10 (assumed to 
be 1.2 for bridges in Risk Category III of ASCE/ICE 
7‐10). 
 
ASCE/SEI 7-16 recommends CHd be based on the 
ratio of the span length to dwgs with a minimum of 
1.25. The tsunami vertical flow velocity uv is as for 
FEMA P646. 
 
4.1.4 Oregon Department of Transportation (ODT) 

Guideline for Tsunami Loads on Bridges 
The ODT proposed a dedicated guideline, prepared 
by Yim et al. [29], which is unique because it was 
specifically designed for the estimation of tsunami 
loads on bridges. 
 
Yim et al. [29] numerically investigated the tsunami 
effects on three highway bridges in Oregon, USA. 
They also undertook an exhaustive review of the 
previous studies on the impact of wind-driven waves 
on bridges [7] and the tsunami effects on buildings 
[27]. Their numerical outputs and the review of the 
previous research form the basis of their proposed 
guideline. Yim et al. [29] combined and adapted the 
earlier methods by Douglass et al. [7] on the effect 
of wind-driven forces on bridges and by Yeh [27] on 
the impact of tsunami loads on buildings.  
 
The proposed horizontal tsunami force on a bridge 
deck by Yim et al. [29] is the sum of the hydrostatic 
force [7] and the hydrodynamic force [27]. 
 

𝐹𝐹𝐻𝐻𝑡𝑡 = 𝐹𝐹𝐻𝐻𝐻𝐻 + 𝐹𝐹𝐻𝐻𝐻𝐻  (12) 
𝐹𝐹𝐻𝐻𝐻𝐻 = �1 + 𝐶𝐶𝑟𝑟(𝑡𝑡 − 1)�𝐶𝐶𝐻𝐻𝐻𝐻𝜌𝜌𝜌𝜌𝑑𝑑𝑤𝑤𝑤𝑤𝐻𝐻𝑑𝑑𝐻𝐻𝑠𝑠  (13) 
𝐹𝐹𝐻𝐻𝐻𝐻 = 0.5𝜌𝜌𝐶𝐶𝐻𝐻𝐻𝐻�𝑢𝑢𝑏𝑏2 𝑑𝑑𝑤𝑤𝑤𝑤𝐻𝐻�𝑚𝑚𝑚𝑚𝐶𝐶   (14) 

 
where FHt = total (or maximum) horizontal force (as 
indicated by context) in the flow direction per unit 
length of the bridge; Cr = coefficient of reduced 
pressure on interior girders; and CHs = coefficient of 
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hydrostatic horizontal force. The recommended 
value for Cr, CHs and CHd are 0.4, 1.0 and 3.5, 
respectively.  
 
Yim et al. [29] proposed that the vertical tsunami 
force on a bridge deck is the sum of the hydrostatic 
force applied to the underside of the bridge deck 
and the hydrodynamic force. 
 

𝐹𝐹𝑉𝑉𝑡𝑡 =  �𝜌𝜌𝜌𝜌𝑑𝑑𝑤𝑤𝑤𝑤𝐻𝐻 + 0.5𝜌𝜌𝑢𝑢𝑏𝑏2�𝑊𝑊𝐿𝐿  (15) 
 
where FVt = total (or maximum) vertical force (as 
indicated by context) per unit length of the bridge. 
 
4.1.5 Standard hydraulic equations method for 

comparison of bridge failures 
Yokoi et al. [30] investigated the main bridge failure 
mechanisms on 85 bridges and used standard 
hydraulic equations to estimate the horizontal and 
vertical forces on bridges mostly damaged and 
inundated after the 2011 Japan tsunami. They 
recommended the calculation of the maximum 
horizontal force on a bridge deck as the sum of the 
equations provided by Kosa et al. [14] for the 
hydrostatic and hydrodynamic forces. 
 

𝐹𝐹𝐻𝐻𝑡𝑡 = 𝐹𝐹𝐻𝐻𝐻𝐻 + 𝐹𝐹𝐻𝐻𝐻𝐻  (16) 
𝐹𝐹𝐻𝐻𝐻𝐻 = 𝜌𝜌𝜌𝜌 ∫ (ℎ𝑏𝑏 − 𝑦𝑦)�ℎ𝑑𝑑+𝐻𝐻𝑠𝑠𝑠𝑠�

ℎ𝑑𝑑
𝑑𝑑𝑦𝑦  (17) 

𝐹𝐹𝐻𝐻𝐻𝐻 = 0.5𝜌𝜌𝐶𝐶𝐻𝐻𝐻𝐻𝑢𝑢𝑏𝑏2 𝑑𝑑𝐻𝐻𝑠𝑠  (18) 
𝐹𝐹𝑉𝑉𝑡𝑡 = 𝐹𝐹𝑉𝑉𝑏𝑏 + 𝐹𝐹𝑉𝑉𝑉𝑉  (19) 
𝐹𝐹𝑉𝑉𝑏𝑏 = 𝜌𝜌𝜌𝜌𝑉𝑉𝑏𝑏  (20) 
𝐹𝐹𝑉𝑉𝑉𝑉 = 0.5𝜌𝜌𝐶𝐶𝑉𝑉𝑉𝑉𝑢𝑢𝑣𝑣2 𝑊𝑊𝐿𝐿  (21) 

 
where hd = bridge clearance; hb = tsunami flow 
depth at the bridge; FVb = buoyancy force, per unit 
length of the bridge; Vb = the volume of the deck; 
and FVt = total (or maximum) vertical force (as 
indicated by context) per unit length of the bridge. 
Yokoi et al. [30] proposed that the CHd value should 
decrease as the WL/dsp increases. They used the 
Japanese “Specifications for Highway Bridges” to 
provide the following values, which are all based on 
the inundated bridges after the 2011 Japan tsunami: 
 

𝐶𝐶𝐻𝐻𝐻𝐻 = 2.1 − 0.1𝑊𝑊𝐿𝐿 𝑑𝑑𝐻𝐻𝑠𝑠⁄     for   1 ≤ 𝑊𝑊𝐿𝐿 𝑑𝑑𝐻𝐻𝑠𝑠⁄ < 8  
(22) 

𝐶𝐶𝐻𝐻𝐻𝐻 = 1.3    for   8 ≤ 𝑊𝑊𝐿𝐿 𝑑𝑑𝐻𝐻𝑠𝑠⁄   (23) 
 
The ratios proposed by Yokoi et al. [30], indicating 
the failure or survival of the structure, were 
evaluated by applying them to 85 selected bridges. 
Failure of 60 out of 85 bridges were predicted 
correctly. It appears that Yokoi et al.’s approach is 
unconservative unless debris loads caused the 
other 25 bridges to fail. 
 
4.1.6 Numerical modelling studies of tsunami 

forces on bridges 
There are several studies reporting the effect of 
tsunamis on bridges from a numerical point of view 

by including the mechanism of the tsunami flow 
generation, its propagation, and the resultant 
forces. Some of the estimated forces using 
numerical modelling are plotted in Figure 2 and 
Figure 3 for comparison purpose.  
 
Kosa et al. [14] developed a physical model of the 
Lueng le Bridge, a reinforced concrete slab‐on‐
girder bridge on the West Coast of Sumatra, near 
Banda Ache, that was damaged in the 2004 Indian 
Ocean Tsunami. For both the maximum horizontal 
force and the maximum vertical force, Kosa et al. 
[14] derived relationships using their experimental 
results, and from these relationships they derived 
the following equations for estimating the horizontal 
and vertical tsunami forces. 
 

𝐹𝐹𝐻𝐻𝑡𝑡 = 𝜌𝜌𝜌𝜌𝑑𝑑𝐻𝐻𝑠𝑠 ∫ (2.61ℎ𝑏𝑏 − 1.85𝑦𝑦)�ℎ𝑑𝑑+𝐻𝐻𝑠𝑠𝑠𝑠�
ℎ𝑑𝑑

𝑑𝑑𝑦𝑦  
(24) 

𝐹𝐹𝑉𝑉𝑡𝑡 = 𝜌𝜌𝜌𝜌𝑊𝑊𝐿𝐿(0.53ℎ𝑏𝑏 − 0.459ℎ𝐻𝐻)  (25) 
 
Lau et al. [15] proposed that for estimation of the 
tsunami forces on the bridge superstructure the 
pressures acting on the superstructure could be 
considered to be amplifications of the hydrostatic 
pressure resulting from the height of the tsunami 
above the superstructure. They further proposed 
that estimates of all the horizontal and vertical 
forces could be derived from the quasi‐steady 
horizontal force, which they used as a reference 
force. Lau et al.’s approach was reviewed and used 
in the preliminary comparison of the tsunami forces 
in this paper. Considering their simplistic approach, 
the results are found to be outliers compared with 
the other approaches presented in this paper. 
Hence, the results of Lau et al. [15] are not shown 
in the final tsunami loads comparison (refer to 
Figure 2 and Figure 3 in Section 5).  
 
4.1.7 Waka Kotahi NZ Transport Agency (NZTA) 

Guideline for Tsunami Loads on Bridges 
There has been little discussion on the 
characterisation of tsunami loads on bridges, 
especially in the NZ context. Recently, the Waka 
Kotahi NZTA Bridge Manual incorporated the 
tsunami effects on coastal bridges that have been 
developed from research undertaken by the 
University of Auckland [19]. The Bridge Manual 
suggests that the most appropriate form of the 
envelope equation is a hydrodynamic‐type (drag‐
type) equation; that is, with forces related to the 
square of the velocity of the tsunami bore. The 
adoption of hydrodynamic‐type equations aligns 
with equations in AS5100.2 [3] for estimating flood 
flow loads (refer to Section 4.1.8), and will allow 
direct comparison with these. 
 

𝐹𝐹𝐻𝐻𝐻𝐻 = 𝐶𝐶𝐻𝐻𝐻𝐻�0.5𝜌𝜌𝑢𝑢𝑏𝑏2 𝑑𝑑𝐻𝐻𝑠𝑠�  (26) 
𝐹𝐹𝑉𝑉𝑉𝑉 = 𝐶𝐶𝑉𝑉(0.5𝜌𝜌𝑢𝑢𝑏𝑏2 𝑊𝑊𝐿𝐿)  (27) 
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where CHd is suggested to be taken as 4.5 for 
horizontal loading, and, for vertical loading, Cu of 
either 3.0 for vertically upward loading or the 
appropriate negative value from Figure 15.4.3 in AS 
5100.2 Bridge design part 2 Design loads for 
vertically downward loading [3]. 
 
4.1.8 Flood Loads in the Waka Kotahi NZTA Bridge 

Manual 
It is widely accepted that tsunami loads on bridges 
are large and, because of higher velocities and 
unsteady flow conditions, the forces can be larger 
than flood flow forces for the same inundation depth 
(e.g. [5]). Therefore, the flood loads specified in the 
Waka Kotahi NZTA Bridge Manual, which is based 
on AS5100.2 [3] as outlined in Section 4.1.7– 
Equations 26 and 27, constitute a minimum 
requirement for estimating tsunami loads. CHd and 
CVu values are specified in Figures 15.4.2 and 
15.4.3 of AS 5100.2, respectively. 
 
4.1.9 The University of Auckland Experimental 

Investigations (Farvizi [8]) 
Farvizi [8] has recently completed experimental 
studies of the interaction of a tsunami bore with 
coastal bridges. Physical modelling of the tsunami 
bore in the laboratory was conducted by 
investigation of the followings: 
 
• Impact of a tsunami bore on a box section 

bridge deck with different deck clearances. 
• Impact of a tsunami bore on a deck-girder 

section bridge with different deck clearances. 
• Effect of contraction (i.e. restriction of the area 

under bridge) on the tsunami induced pressures 
and forces on a box section bridge deck with 
wing wall and spill-through abutments with 
different lengths and deck clearances. 

• Impact of a tsunami bore on a skewed box 
section bridge deck with different skew angles 
and deck clearances. 

• Performance of a skewed deck-girder section 
bridge under tsunami bore impact with different 
skew angles, deck clearances and handrails. 

 
Based on the experimental results, equations have 
been proposed for estimating the maximum tsunami 
horizontal, lateral and uplift forces for a box section 
bridge deck and a deck-girder section bridge 
including the effects of contraction and skewness. 
 

𝐹𝐹𝐶𝐶 = 𝐶𝐶𝐻𝐻𝐻𝐻  𝑒𝑒−𝐴𝐴𝑥𝑥 𝑡𝑡𝑚𝑚𝑡𝑡𝜃𝜃𝑅𝑅0.29 𝑙𝑙𝑡𝑡 𝑆𝑆𝑟𝑟 (0.5𝜌𝜌𝑢𝑢𝑏𝑏2 𝐴𝐴𝑣𝑣)  (28) 
𝐹𝐹𝑧𝑧 = 𝐶𝐶𝑉𝑉𝑉𝑉 𝑒𝑒−0.3 𝑡𝑡𝑚𝑚𝑡𝑡 𝜃𝜃𝑅𝑅(1.95 −
1.7𝑅𝑅)  𝑙𝑙𝑡𝑡 𝑆𝑆𝑟𝑟 (0.5𝜌𝜌𝑢𝑢𝑏𝑏2 𝐴𝐴ℎ)  (29) 

 
where θ = skew angle; Ax = 1.25 for the box section 
deck and 1.75 for the deck girder section deck; R = 
opening ratio; Sr = submergence ratio; Av = vertical 
projected area; Ah = horizontal projected area; CHi = 
1.8 for both skewed box section and skewed deck 
girder section bridges; and CVu = 0.14 for the 

skewed box section bridge deck and 0.18 for the 
skewed deck girder section bridge. 
 
5. Comparison of the Available Guidelines 

and Modelling 
The equations in Section 4 were compared by 
plotting values estimated by using them for an 
“average” NZ road bridge, for a range of tsunami 
flow depths and velocities in which the 
superstructure is inundated. The relevant 
dimensions and parameters are given in Table 1. 
 
Table 1   Parameters used in estimation of forces.  

Parameter Value 
Bridge deck height including any 
railings or parapets, dsp (m) 

2.4 

Bridge deck height excluding any 
railings or parapets, dss (m) 

1.4 

Number of girders supporting the 
bridge superstructure, n 

4 

Volume of the superstructure, Vb 
(m3) 

8.8 

Self‐weight of bridge, Wb (kN/m) 45 

Bridge superstructure width, WL 
(m) 

9.5 

Height from the soffit of the bridge 
girders to the surface of the 
tsunami, dwgs (m) 

4.4 

Proximity ratio, dwgs/dss 3.2 

Depth (m) 6, 7, 8, 9, 10, 11, 
12 

Velocity, ub (m/s) 7.7, 8.3, 8.9, 9.4, 
9.9, 10.4, 10.8 

 
The dimensions of the "average" bridge were 
determined as simple averages of the values from 
five real bridges: Kakanui River (Otago), Kowhai 
River (Canterbury), Ngaruroro River Diversion 
(Hawkes Bay), and Waimakariri River (Belfast, 
Canterbury). Tsunami flow velocities were 
estimated based on the assumed tsunami flow 
depths and using Froude Number of Fr = 1. 
 
Plots of estimated horizontal and vertical forces are 
shown in Figure 2 and Figure 3, respectively. Also 
included in Figure 2 and Figure 3 are values of 
maximum horizontal and vertical forces obtained 
from reported results of physical and numerical 
modelling studies. 
 
Figure 2 and Figure 3 show clearly the large amount 
of variation in values obtained from proposed 
equations for estimating the maximum horizontal 
force. However, most of the estimated values are of 
the same order of magnitude. A significant 
divergence can be seen between some of the 
equations in Figure 2 and Figure 3.  
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Figure 2   Plots of equations for estimating total or 
maximum horizontal tsunami force on bridge 
superstructure. 
 

 
Figure 3   Plots of equations for estimating total or 
maximum vertical tsunami force on bridge superstructure. 
 
It should be noted that the maximum horizontal and 
vertical tsunami forces depend on both the degree 
of submergence of the bridge superstructure (the 
tsunami flow depth) and the bridge clearance. The 
"drag" coefficient in AS5100.2 [3], CD, for estimating 
flood flow hydrodynamic ("drag") forces has the 
same dependencies. Calculations for the plots in 
Figure 2 and Figure 3 adopted a proximity ratio (Sr 
in AS5100.2) of approximately 3.5. In AS5100.2 the 
specified maximum values of CD are for Sr = 1.5, 
giving hydrodynamic force values about 50% larger 
than for Sr = 3.5. This suggests that the 
hydrodynamic forces shown in Figure 2 could be 
higher for a bridge with lower clearance than the NZ 
"average" bridge.  
 
The large values shown in Figure 2 for the equation 
proposed by Yim et al. [29] are due to the use of the 
n multiplier, which is not supported by the results of 
any other research. This multiplier leads to a 
different trend and to large forces for stronger bores 
compared to other equations. In some of these 
studies, the applied forces were measured only on 
the bridge deck. This means that when the bore 
height is lower than the deck clearance, the applied 
horizontal force is zero, as shown in Figure 2. 

The maximum horizontal force in Waka Kotahi 
Bridge Manual [19] sit in the middle of the range. 
This is in good agreement with predictions from 
Yokoi et al [30] which are known to be somewhat 
unconservative. The vertical force proposed in the 
Waka Kotahi Bridge Manual [19] appears to be a 
conservative approach.  
 
If a value of CD = 3.0 is used for the drag coefficient 
in the basic hydrodynamic equation, the curve of 
horizontal force per unit length (FHt) versus tsunami 
flow depth (Figure 2) envelopes the values from 
Yokoi et al. [30], Kosa et al. [14] for flow depth of up 
to about 9.5 m, and Yim et al. [29] for flow depth of 
up to about 8.0 m. It also envelopes two of the three 
modelling results that plot on Figure 2. The curve's 
values are about 100 kN larger than those from 
AS5100 [3]. If a value of CD = 4.5 is used for the 
drag coefficient in the basic hydrodynamic equation, 
the horizontal force curve envelopes all the values 
from the equations. If a value of Cu = 3.0 is used in 
the basic equation for upward vertical force, the 
curve of upward vertical force per unit length versus 
tsunami height (Figure 3) overlaps with Waka 
Kotahi’s proposed equation [19] and envelopes the 
values from most of the equations except that of 
ASCE [4]. 
 
6. Summary 
Based on the literature reviews, the following 
conclusions are drawn about bridge failure during 
tsunami events: 
 
• The most common damage observed is 

washout of bridge superstructures. 
• The most common bridge failure mechanism 

observed is failure of the superstructure to 
substructure connections.  

• There is also evidence that some bridges were 
destructed by the impact of large floating debris 
and some bridge piers failed due to scouring. 

 
From the review of available guidance, the following 
list summarises the currently available guidance 
and its limitations: 
 
• There is no general agreement on the types of 

force applied to bridges due to tsunami impact. 
Some of the equations for maximum horizontal 
force have a hydrostatic form (e.g., [14, 15]), 
and some have adopted a hydrostatic 
component and a hydrodynamic component, 
and combine them to give the maximum force 
(e.g., [29, 30]). Some researchers acknowledge 
the existence of an impulsive force, but some 
researchers did not consider it [15, 30]. 

• From a qualitative viewpoint, most researchers 
agree that tsunami forces on bridges are large 
and, the forces can be larger than flood flow 
forces for the same inundation depth (e.g., [5]). 
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• The horizontal and vertical forces obtained from 
the empirical equations proposed by different 
studies had a broad range of values and were 
difficult to correlate with the hydraulic theories. 

 
7. Recommendations 
Whilst extensive research has been undertaken it 
appears that the available guidance offers 
inconsistent advice and that there is a requirement 
for better guidance and design recommendations in 
this area. In the meantime, guidelines in the Waka 
Kotahi’s Bridge Manual [19] would be an 
appropriate approach to be used for estimation of 
tsunami loads on superstructure. 
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Abstract 
Wave overtopping of coastal infrastructure such as rail, road and shared pathways can be hazardous to users 
and potentially threaten structural integrity and reliability. A Trigger Action Response Plan (TARP) provides a 
robust framework for mitigating risk by defining response actions based on escalating trigger levels. These 
actions, and their expected frequency of occurrence can be implemented into construction or operational 
programs and adjusted as new data becomes available or engineering modifications are made.  
 
This paper presents an overview of this framework applied to a case study at Ōhau Point, north of Kaikoūra, 
New Zealand. This site was significantly impacted during the November 2016 magnitude 7.8 earthquake with 
a large landslip inundating both the State Highway 1 road and Main North Line rail corridors. Recovery works 
undertaken by the North Canterbury Transport Infrastructure Recovery (NCTIR) Alliance reinstated the 
roadway further seaward and at a lower level than previous due to residual landslide and rockfall risk. A unique 
combination of steep offshore bathymetry and rock outcrops resulted in focusing of wave energy and 
overtopping to occur at a higher frequency and magnitude than expected. This overtopping posed risks to the 
recovery team and the public and potentially to the structure itself during extreme events.  
 
A work programme was initiated to investigate and mitigate this risk. This comprised field data collection 
including detailed bathymetric and topographic surveys, an offshore wave buoy and camera system, numerical 
wave hindcast, development of image processing techniques to automatically detect overtopping events and 
physical modelling of the 3D environment to quantify overtopping flows during typical and extreme events. The 
programme resulted in the development of a Trigger Action Response Plan (TARP) defining threshold wave 
and water level conditions for a range of actions including traffic management, road closure and post-event 
structural inspection. This TARP was successfully used to manage risk while longer term mitigation measures 
were tested and implemented. The TARP was then modified to incorporate the reduced overtopping magnitude 
and frequency resulting from the engineering works. 
 
Keywords: wave overtopping, hazard, risk mitigation, image processing, physical modelling 
 
1. Introduction 
Trigger Action Response Plans (TARPs) are well 
established tools used to manage risk in mining 
applications [5]. A TARP defines a set of trigger 
levels related to a particular hazard, along with the 
associated responses to be initiated when that 
trigger level is reached. Bakker [1] identifies that an 
effective TARP must balance operation while safely 
managing risk. Once in place, TARPs are 
continually optimised as the understanding of the 
hazard improves and more information becomes 
available, or the works layout changes. 
 
Following the November 2016 Mw7.8 Kaikoūra 
earthquake sequence, the TARP concept was 
adopted by the North Canterbury Transport 
Infrastructure Recovery Alliance (NCTIR) to 
manage slope failure risk [4]. These TARPs utilised 
probabilistic thresholds established based on 
rainfall-slope failure relationships derived for the 
Kaikoūra region. Once rainfall triggers were 
forecast, construction activities could be 
appropriately managed. 
 

The site at Ōhau Point, north of Kaikoūra, New 
Zealand was significantly impacted during the 
November 2016 earthquake with over 50,000 m3 of 
rock and soil inundating both the State Highway 1 
road and Main North Line rail corridors [4] (Figure 
1A). Recovery works undertaken by the NCTIR 
Alliance reinstated the roadway further seaward and 
at a lower level than previous due to residual 
landslide and rockfall risk and seismic constraints of 
the seawall design. The seawall, on which the 
roadway is constructed, comprises precast concrete 
blocks placed on a mass concrete foundation 
backed by layers of fill and geogrid (Figure 1B). The 
seawall is terminated with a seawall capping block 
at an elevation of around RL9.6m (approximately 
mean sea level).   
 
A unique combination of steep offshore bathymetry 
and rock outcrops results in focusing of wave 
energy at the site. Overtopping was observed 
during the construction phase and following 
construction at a higher frequency and magnitude 
than expected (Figure 2). Comparisons between 
overtopping volumes inferred from site video and 
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photographs and predictions based on empirical 
guidance indicates under-prediction of mean flows 
by an order of magnitude. This is expected due to 
the highly three-dimensional nature of the 
overtopping process at this site compared to the 2D 
data upon which empirical guidance is based. 
 

 
Figure 1   Ohau Point immediately following the Nov 2016 
Earthquake (B) and near seawall completion in June 2018 
(B). 

 
Figure 2   Example of overtopping events at Ohau Point 
during construction on 7-9 Jan 2018 (A, B), on 8 July 2019 
(C, D), 25 July 2019 (E) and 15 August 2019 (F). Source: 
NCTIR 

This overtopping posed risks to the recovery team 
and the public and potentially to the structure itself. 
Investigations were initiated to both understand and 

mitigate the immediate overtopping risk, as well as 
to develop longer-term mitigation strategies to 
achieve a level of service commiserate with agreed 
targets for the wider project. 
 
2. Data collection 
2.1 Topography and bathymetry  
Existing topographic LiDAR and offshore multibeam 
sonar was supplemented with high resolution 
photogrammetry above low tide and ‘drone dipping’ 
in the nearshore. This method, developed on the 
NCTIR project, utilises an RTK GPS-equipped 
unmanned aerial vehicle (UAV) and dips a weighted 
line of known length until the seabed is 
encountered. This method provides highly accurate 
(<5cm vertical / 10cm horizontal resolution) 
bathymetric information while minimising 
constraints associated with weather, access and 
safe navigation. These sources were combined into 
a composite digital elevation model (Figure 3). 
 

 
Figure 3   Digital elevation model combining 
photogrammetry on land, multibeam offshore and ‘drone-
dipping’ points in the nearshore (defined by blue dots)  

 
2.2 Waves and water levels  
A 40-year wave and water level hindcast was 
undertaken by Metocean Solutions Ltd (1979 – 
2019). This hindcast provided wave and water level 
timeseries and summary statistics information for a 
location offshore of Ohau Point in approximately 
50m water depth. Additional observed water level 
data available from a Land Information New 
Zealand tide gauge located on the Kaikoura 
Peninsula.  
 
A Sofar Spotter wave buoy was deployed offshore 
of Ōhau Point in November 2019. This data is 
compared to wave information derived from a 
Metocean nowcast over the same period (Figure 4) 
with an RMS difference in wave height in the order 
of 0.25m providing confidence that forecast data 
would be suitable for use in identifying when TARP 
trigger points are likely to be reached.  
 

A 

B 
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Figure 4   Spotter wave buoy installed offshore of Ohau 
Point (A) and compared to nowcast data (B) 

 
2.3 Camera system 
A fixed point camera was established overlooking 
the critical overtopping point at Ōhau Point (Figure 
5). The camera captures images at 1 second 
intervals for the first 20 minutes of each hour. The 
imagery is intended to provide a record of when 
overtopping occurs and its extent. 
 

 
Figure 5   Camera installed at Ōhau Point (circled)  

An image analysis tool was developed to assist in 
detecting overtopping. This tool first determines the 
maximum pixel intensity over 20mins of imagery 
(Figure 6A) which provides indication of whether an 
overtopping event has occurred during the 20 min 
sample. The pixels along a row corresponding to the 
critical overtopping location are extracted and 
stacked together (Figure 6B). This ‘timestack’ of 
pixel intensity shows whitewater location and, when 
pixel intensity is extracted at specific locations 
(Figure 6C), a threshold can be used to 
automatically detect overtopping events and original 
images identified (Figure 6D) to confirm overtopping 
occurrence and severity. 
 
2.4 Physical modelling 
Physical model testing was undertaken to better 
understand the likely performance of the seawall 
under extreme conditions at current and future sea 
levels and testing and optimisation of a range of 
mitigation options. The physical model testing is 
described in detail within [3] but, given the 
complexity of nearshore wave and overtopping 
processes, a quasi-3D model was constructed in a 
3m wide wave flume to allow for these processes to 
be adequately simulated (Figure 7).  
 
Testing was undertaken for a previously observed 
event (19 August 2019 – refer Figure 7) as a control 
case with good visual agreement and overtopping 
volumes similar to those estimated from video. 

Wave overtopping was measured during a range of 
wave heights (1.5 – 4m), wave periods (11-17s) and 
water levels (MSL to MHWS + 0.5m) to characterise 
the overtopping flows during a range of potential 
conditions (i.e Figure 8) and assist in deriving wave 
height and water level-based trigger levels. 
Additionally, testing of extreme conditions under 
current and future sea levels was undertaken to 
assist in developing engineering options for 
mitigation.  
 

 

 
Figure 6   Example output from the tool developed to 
automatically detect overtopping in camera imagery. 

 
3. TARP Development  
A TARP required a set of trigger levels related to a 
particular hazard to be identified, along with the 
associated responses to be initiated when that 
trigger level is reached. These triggers and the 
response could be validated against field data and 
refined as needed (Figure 9). 
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Figure 7   Example of the prototype and modelled seawall 
(A-B) and of observed and simulated overtopping during 
August 2019 event (C-E).  

3.1 Establishing overtopping thresholds  
Overtopping hazard is generally defined according 
to mean and maximum flow rates (qmean and Vmax). 
Literature [2] identifies tolerable overtopping rates 
for various applications including pedestrian and 
vehicle safety and structural integrity. Additionally, 
the NCTIR project had defined minimum standards 
[6] applicable across the project. Mean overtopping 
rates were therefore utilised to define a low (0.1 – 1 
l/s/m), moderate (1 – 5 l/s/m), high (5-10 l/s/m) and 
severe (>10 l/s/m) levels of overtopping with 
expected impacts.  

The complex overtopping process at Ohau Point 
was not well represented by empirical guidance and 
instead the results of physical modelling was initially 
used to relate wave characteristics and water level 
to overtopping. Wave height was identified as the 
most important wave characteristic influencing 
overtopping (Figure 8) and, in order to simplify the 
process, was adopted along with tide level as the 
threshold for the various triggers.  
 
The implication of the selected thresholds in terms 
of frequency of occurrence could be evaluated 
using hindcast data. It was found that the lowest 
level of overtopping would occur, on average, once 
every 2 weeks, with moderate overtopping 
occurring one per month, high overtopping once 
every 6 months and  severe overtopping once every 
5 years on average. This was compared to reported 
frequency of overtopping at different levels since 
road completion with good agreement. This was 
below the level of service required for the project 
and options for further mitigation were developed 
(refer Section 3.4 and [3]). 
 

 
Figure 8   Example of measured mean overtopping rate 
for a range of wave heights during a MHWS water level.  

 
 

 

 
Figure 9   Coastal processes leading to overtopping (Blue) with the approach utilised in setting thresholds to inform the 
Trigger Action Response Plan (Orange) and finally modified by further engineering works (Grey). 
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3.2 Setting action response  
Responses appropriate to the level of risk for each 
trigger level were developed. At the lowest 
overtopping level (Level 1), the network outage 
contractor was made aware and warning signage 
could be deployed at discretion. At the moderate 
level (Level 2), signage should be deployed, access 
to the shoulder restricted and speed reduced to 50 
km/hr. Safe hit posts were installed along the 
centreline to improve lane delineation. At high levels 
of overtopping (Level 3), along with the above 
speed was reduced to 30 km/hr, single lane 
operation may occur with stop-go at high tide as 
required. At severe levels of overtopping  
(Level 4) single lane and stop-go may be required 
during all tides with stop-stop (road closure) 
potentially required during high tide. 
 
Previous overtopping events, the observed impacts 
on site and the suggested appropriate response 
based on reports from traffic management 
personnel on site were used to validate the selected 
response measures.  
 
3.3 Overtopping prediction and validation  
Once thresholds had been established, forecast 
models for wave height and water level could be 
used to predict upcoming overtopping events based 
on trigger levels. These forecasts could then be 
validated using imagery and wave buoy and water 
level gauge data available at the nowcast time.  
Some difficulties were encountered in using camera 
imagery including lack of data during night or other 
adverse lighting conditions (i.e. glare), overtopping 
occurring outside the first 20mins of the hour as 
often only larger sets of waves caused overtopping 
and even with a camera frequency of 1 fps, the 
magnitude or extent of individual events could be 
missed.  
 
Figure 10 shows the level of overtopping observed 
over a 10-month record compared to the initial 
TARP thresholds. Cases where no overtopping was 
observed are also identified along with ‘incipient’ 
overtopping where minor spray may occur but 
doesn’t meet the low threshold. From results, it is 
evident that overtopping could from time to occur at 
lower wave height and water level thresholds than 
initially defined but also that no overtopping could 
occur at higher thresholds. There are likely to be a 
range of explanations for this including: inaccurate 
nowcast information (though comparisons against 
wave buoy and water level gauge data show similar 
scatter); additional factors such as wave period and 
direction; groupiness unaccounted for in the 
spectral wave characteristics; limitations in 
observing overtopping due to the camera 
shortcoming described above and/or user error in 
designating overtopping level.  

 
Figure 10   Observed overtopping events as a function of 
nowcast Hs and WL. Incipient events are levels of 
overtopping below the criteria for low level. Coloured 
boxes represent the initial TARP threshold criteria 

On this basis, the warning thresholds were slightly 
revised, particularly for the lower thresholds with the 
low level threshold increasing to Hs = 2m and 
moderate level to Hs = 3m. The ‘initial’ TARP was 
then updated to produce a ‘validated’ TARP. In 
undertaking this validation, it was found to be 
important to identify the conditions when 
overtopping was not occurring as well as when it 
was and also to only consider conditions occurring 
when accurate image data was available. Figure 11 
shows an example of an event with the initial and 
validated criteria used to predict overtopping level 
compared with observed (i.e. Figure 12).  

 
Figure 11   Predicted overtopping levels based on wave 
height and water level using the initial and the validated 
criteria compared observed levels. 

 

 
Figure 12   Example of low level overtopping identified at 
2pm on 2/7/20 

835



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
The use of Trigger Action Response Plans to mitigate wave overtopping hazard on coastal infrastructure 
Shand, T., Quilter, P., Knook, P., Reinen-Hamill, R. and Flocard, F. 
 
3.4 Effect of mitigation works  
A range of potential engineering works to further 
mitigate the long-term hazard were tested as 
described within [3]. These included addition of a 
1.2 m high crown wall, removal of concrete slabs 
fronting the structure (which were observed to form 
a ramp for incoming waves) and construction of a 
toe revetment using concrete ‘hanbar’ armour units. 
These works were all found to generally reduce 
measured overtopping volume and therefore could 
be inferred to increase the wave height at which a 
threshold or trigger was reached.  
 
A 1.2m high crown wall was selected as the 
preferred option (Figure 13). This was found during 
physical modelling to reduce overtopping to around 
40% of the existing situation and allowed wave 
height thresholds for TARP triggers to be increased 
by around 0.5m. This change reduced the 
frequency of a required response by around 50% 
resulting in significant potential cost savings over 
the project life as well as improving safety and 
resilience of the infrastructure.  
 

 
Figure 13   Installation of a crown wall at Ohau Point 

The final ‘modified TARP’ (Table 1) should be 
further refined over time as additional data becomes 
available and operational responses are optimised. 
 
4. Summary and recommendations  
A Trigger Action Response Plan (TARP) provides a 
useful tool for managing  overtopping hazard. While 
TARPs are well established tools used to manage 
risk in mining and slope stability applications, this is, 
to our knowledge, the first example of use to 
manage coastal hazards.  
 
The overtopping at Ohau Point was a complex, 
three-dimensional process not well represented by 
empirical guidance. Physical modelling allowed 
accurate representation of this process and 
assessment of likely performance under typical and 
extreme conditions at current and future sea levels 
as well as testing and optimisation of a range of 
mitigation options. This greatly assisted in setting 
preliminary thresholds for a range of trigger levels 
without having to have observed these events in the 
prototype. 

A camera system provided near-real time imagery 
and information on overtopping using image 
processing. This, combined with wave buoy data 
and forecast information enabled the initial TARP to 
be validated using site-specific data. In refining 
thresholds, it was found to be important to identify 
the conditions when overtopping was not occurring 
as well as when overtopping was. The TARP was 
further modified once mitigation works in the form of 
a crown wall with angled return was constructed.  
 
While image processing assisted in identifying the 
occurrence of overtopping, manual interpretation 
was still required to determine the level of severity. 
While the level of severity was approximated to an 
overtopping discharge, this was not possible 
quantitatively and therefore remains a weak point in 
linking site observation with laboratory results and 
theoretical ‘tolerable’ overtopping values. In the 
authors opinion, qmean rates reported in literature 
have little relevance in complex, 3D environments 
such as this and more emphasis and effort should 
be placed on quantifying maximum individual flow 
characteristics and relating this to user comfort and 
hazard. Given the often site-specific nature of 
overtopping, further development of empirical 
models may not be helpful, but rather improvement 
of data collection methods and alignment between 
observation and design parameters.  
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Table 1   Ōhau Point Wave Overtopping Trigger Action Response Plan (TARP) for situation with crown wall complete 
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Abstract 
 
In 2019, Dunedin City Council (DCC) began its journey to develop an adaptive management plan for the city’s 
most popular beach, St. Clair to St. Kilda. The development of the plan is only part of the story. Through the 
process, the team needed to collate the technical understanding of the changing coast, support the 
development of community aspirations, gain support of elected members within the council and secure funding 
to support the investment required to realise a sustainable future for this section of coastline. 
 
The team has followed the process outlined in the 2017 Ministry for the Environment Guidance for local 
government on preparing for climate change. This approach was adapted to meet the needs of the project and 
the community. A range of innovative engagement activities and approaches have brought the community 
around this complex challenge and given them agency to help guide the choice of management approach. 
 
The St Clair – St Kilda Coastal Plan establishes a basis for change, a holistic and community-oriented plan 
that sets out practical steps for transition and the establishment of a vision for this much-loved coast. This 
paper presents an overview of the journey so far, emphasising lessons learnt, including how council support 
and momentum was generated. It also highlights how the process has maintained an aspirational and long-
term outlook in a politically charged environment historically driven by reactive short-term responses. 
 
Keywords: community, engagement, adaptive management. 
 
1. Introduction 
Local authorities have a key role in planning for and 
managing the effects of coastal hazards and climate 
change, while providing opportunities to draw 
communities into this process to facilitate equitable 
and sustainable change. Relevant policies and 
guidance help to provide direction to local 
authorities ([3]). The cost, expertise and degree of 
tailoring required to progress adaptation planning at 
the coast remains a barrier to the uptake and 
implementation of robust adaptive planning 
practise. This paper tells the story of how Dunedin 
City Council (DCC) has navigated this challenge - 
shifting away from a historically reactive 
management approach towards the delivery of an 
adaptive, sustainable and community-oriented plan. 
 
The Whakahekerau – Rakiātea Rautaki Tai (St Clair 
– St Kilda Coastal Plan) is Dunedin City Council’s 
effort to capture the public’s will and ambition and 
establish a basis for adaptation; a holistic and 
community-oriented plan that sets out steps for 
transition and establishes a vision for this much-
loved coast (see [4] for an introductory video on the 
St Clair - St Kilda Coastal Plan). 
 
2. The site: St. Clair – St Kilda 
The St Clair to St Kilda coastline (Ocean Beach), 
situated south of Dunedin City, is an open coast 
embayment that comprises 3.5km of sandy beach, 
extending between St Clair Headland in the west 
and Lawyers Head in the east (Figure 1). The beach 
is south-facing, comprised of medium-fine sand, 
and is subject to significant seasonal changes. 

 
The current coastline is a product of 150 years of 

sand mining, land reclamation and development. As 
a result of these activities the beach is now located 
further seaward than it was historically (Figure 2). 
The natural wetland and transgressive dune 
environment have been entirely replaced by a 
narrow stretch of beach and over-steepened sand 
dunes. This coastal squeeze has been exacerbated 
by further development of the coastal frontage. 
  

Figure 1. Map of the St Clair - St Kilda area within the 
Dunedin and wider New Zealand contexts. The three 
zones of the coastline, St Clair, Middle Beach and St Kilda 
are shown in the bottom map. 
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Figure 2. Historic photograph of St Kilda Beach in 1909. 
The yellow line represents the position of current 
coastline. This demonstrates the significant landscape 
change that has resulted from sand mining and 
development – Hocken Collections. 

The western-end of the bay (St Clair) is the most 
highly engineered section, with a 500m-long sea 
wall and an adjoining 200m-long geotextile sand-

filled structure (Figure 4). The middle of the bay 
comprises a narrow dune face that is the sole 
protection to a series of playing fields sitting on top 
of a historic landfill. The eastern half of the bay 
includes a stable, but narrow, foredune environment 
backed by an elevated coastal road that forms a 
dyke-like structure. South Dunedin, the inland area, 
is densely populated, includes critical infrastructure, 
and is located almost entirely on reclaimed land. 
South Dunedin has been recognised as one of New 
Zealand’s most at-risk areas with regards to climate 
change.  
 
Extreme water levels associated with tidal and 
storm conditions are key drivers of episodic erosion 
at this coast [1, 2]. The location of previous dune 
erosion and infrastructure damage has been related 
in several cases to the positioning of rips cells. 
These erosion hot spots have been further 
pronounced by hard protection measures which 
have induced localised end-effects. 
 
Past management interventions at this coast have 
been directed by the timing and positioning of 
storm-induced erosion (Figure 3). As a result, the 
coast has a legacy of engineered structures that 
largely have been constructed as piece-meal 
interventions rather than as a system of considered 
actions within an overarching plan. 
 

 

Figure 3. Earthworks in 2004 after a storm event that 
caused significant erosion in Middle Beach. This picture 
is an example of reactive measures in the past. 

3. Getting started – gaining momentum 
In early 2018, Dunedin City Council began its 
journey to develop a plan for the St Clair – St Kilda 
coast – the city’s first plan dedicated to addressing 
the effects of coastal hazards and climate change. 
The progressive loss of beach amenity, public 
access and environmental values that has resulted 
from land-use, engineered intervention and beach 
erosion over the past decades have played a 
significant role in priming council for action. When 
peered with the current and growing threat of 
climate change and the position of the coast relative 
to the vulnerable South Dunedin area, the case for 
action was clear. 

Figure 4. Photographs of beach sections, St Clair (top), 
Middle Beach (middle) and St Kilda (bottom). The beach 
generally becomes increasingly narrow and modified 
towards the west. 
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In a space where Dunedin City Council had historically been reactive 
and its interventions largely steered by the timing and positioning of 
erosion, a change was required to ensure that this plan, and any 
subsequent action, would be well directed, sustainable and of inter-
generational benefit – not maladaptive. This sentiment was re-enforced 
by a passionate community, who had become tired of technical 
reporting and reactive remedial works that lacked clear long-term 
direction. The community were eager to be drawn into the thinking and 
to contribute to the future of their coast. 
 
To support in the plan development and community engagement 
processes, the Ministry for the Environment’s Coastal Hazards and 
Climate Change Guidance was drawn on, with the 10-step cycle [3] 
being adapted to help shape the engagement programme. In 
particular, the dynamic adaptive pathways approach was recognised 
as a useful tool to help navigate the uncertainty associated with storm 
frequency and sea-level rise. Through a combination of business case 
development and workshops with elected members, budget was 
secured to deliver the initiation phase of work. 
 
The initiation phase of work involved external support in the 
development of an Engagement Plan, including the establishment of 
an engagement approach and principles with input from mana whenua. 
In parallel, DCC commissioned the completion of a gap analysis to 
collate existing technical assessments, with the aim of informing what 
was known and what gaps in knowledge prevented the project from 
moving forward. This phase of work also involved the delivery of a 
Project Management Plan to establish preliminary objectives, 
governance arrangements and, ultimately, to provide the basis for a 
follow-up business case to seek further budget for the delivery of the 
plan in full. 
 
The initiation phase of work lasted nearly 18 months, with a focus on 
achieving cross-council buy-in, establishing effective governance and 
planning arrangements for the plan development. The following 
sections of this paper focus on the processes of public participation and 
plan development that occurred after the commitment to deliver the St 
Clair – St Kilda Coastal Plan. 
 
4. The approach 
A decision was made early to adopt a community-oriented approach to 
plan development; not only because the St Clair – St Kilda coast is a 
highly-used public space and the community has value to add, but also 
because it was recognised that the community could champion the plan 
and help it endure. The aim was for the community to own the plan, for 
it to be theirs as much as it would be council’s, and for the long-term 
direction and aspiration of the plan to be well-founded in the 
community’s collective values and ambition for the area. 
 
The focus, therefore, was placed on community participation in 
visioning and setting direction. The technical assessments and 
reporting completed during this process were focused on key questions 
and areas of information shortage that were otherwise holding the 
process back. This allowed the team to progress key technical 
packages of work that enabled fuller conversations with the community 
and helped to progress thinking to a point where DCC was able to 
make a set of short-term commitments alongside the delivery of the 
plan. 
 
.

 
 
 
 

 
Beach intercept surveys 
 
 
 

 
 
 
 
 

 

Printmaking sessions 
 
 
 
 
 
 
 
 
 
School printmaking sessions 
 
 
 
 
 
 
 
 
 

Secondary school talks 
 
 
 
 
 
 
 
 
 

 
Primary school education 
sessions 
 

 
 
 
 
 

 

 
Public workshops 
 

Figure 5. Photographs showing different 
engagement activities providing broad 
and varied opportunities for community 
input. 
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Figure 6. Shows the different stages of the plan 
development process. A variety of supplementary 
technical work packages and collaborative work with 
stakeholders was completed in parallel with community 
engagement. 

5. The journey 
The plan development process was divided into two 
main phases – “what matters most” (Phase 1) and 
“what can be done” (Phase 2) (Figure 6). 
Engagement took place over a period of 16 months. 
From the outset, it was made clear that the 
completion of the plan would not signal the end of 
the community’s involvement. Community input 
would need to be ongoing and this stage was about 
getting things started and establishing a clear 
direction of travel for future management. Technical 
work packages, defined during the initiation phase 
of work, were completed in parallel with community 
engagement and collaboration with local University 
staff and students. Four post-graduate theses in the 
fields of marine science, geomorphology and 
community engagement were completed alongside 
the plan, with staff and students contributing time 
and advice. Other University staff with expertise in 
economics, planning and surveying also contributed 
actively. 

 
Within the phases of engagement, a diverse range 
of methods were used to encourage participation in 
the process (Figure 5). Engagement methods 
included a variety of traditional face-to-face 
activities, online methods and creative sessions 
designed to target young people. All methods were 
supported with advertising and communications 
through newspapers and social media, and a 
tailored approach meant that stakeholders were 
engaged with in the places and ways that best 
suited them.  
 
Drop-in sessions were hosted at a local surf club 
and schools, allowing members of the community to 
stop-by and be walked through content relating to 
coastal processes and to learn about the cultural 
context of the area as well as the challenges and 
opportunities ahead. This material was provided to 
help educate and draw out perspectives and 
opinions on what people valued.  
 
Two interactive printmaking sessions were run to 
draw in perspectives from young people and 
families, groups that previously had proven difficult 
to reach through other methods. People who 
attended the printmaking sessions made their own 
prints and shared their stories on why the coast is 
important to them. Individual prints were woven 
together to create one overall art piece that 
illustrates “one community and one voice” (see [5] 
for the printmaking session video). 
 
The second phase of engagement needed to build 
on what we had already heard from the community. 
Transparency was critical, to share the possible 
futures (i.e. management options) that would need 
to be considered, together with the risks associated 
with inaction and the opportunities that might be 
realised through early intervention. This second 
phase of engagement had two parts. The first part 
involved socialising a range of management 
approaches, i.e. Do Nothing, Hold the Line and 
Retreat. People were encouraged to think about 
trade-offs and the competing risks and benefits of 
different management approaches. The second part 
of this phase was about socialising possible futures, 
sharing ideas of what the coast could look like if 
different routes (pathways) were taken, and drawing 
out people’s views on how these changes might 
influence their use and enjoyment of the coast.  
 
Following the completion of Phase 2 of community 
engagement, the project team worked to draw 
together feedback, capturing the key themes to 
establish a vision for the coast incorporating clear 
management objectives (commitments) for the 
coast. Consensus on these objectives enabled 
screening of management options to ensure that 
short-listed options aligned with the direction that 
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the community had established. A policy screening 
exercise was also completed that involved testing 
the alignment between community feedback and a 
range of governing policies and plans. This will help 
ensure that future road bumps are kept to minimum 
and that conversations can be had where feedback 
and policy are at odds. 
 
6. Results 
DCC made the decision to take a community-
oriented approach to the plan development process 
to mitigate the risk to the planning process and to 
establish a culture of co-stewardship and enhanced 
risk awareness. 
 
As a result of 18 months of planning (initiation 
phase) and 16 months of community engagement, 
DCC is proud to have provided the community with 
a meaningful opportunity to participate in the long-
term planning process for the coast. Whilst the final 
St Clair – St Kilda Coastal Plan itself cannot be 
shared at the time of writing this paper, some 
important components of the feedback are provided 
below. 
 
Across all engagement activities, more than 10,000 
people were reached and feedback was provided by 
more than 2,000 people - many of whom provided 
feedback at several points in the process. The level 
of reach achieved can largely be attributed to the 
breadth of engagement activities employed. 
Physical communication materials (updates) were 
shared with every household in the city.  
 
The most popular individual event was a 
printmaking session that saw more than 100 
individuals provide feedback – predominately 
families and young people. The figure below 
provides further detail on the aims, methods and 
reach achieved across the engagement phases and 
activities (Figure 7). 
 
Face-to-face engagement was almost entirely run 
by council staff who attended nearly 100 different 
events or meetings. The figure below shows the 
overarching values and concerns that have been 
shared by the community (Figure 8). This feedback 
is not only been used to develop the vision for the 
coast, but is now actively informing the next steps, 
particularly short-term actions and commitments to 
improve the public’s experience of the coast. A set 
of management objectives (commitments) are also 
being developed to reflect what was heard from the 
community and provide the plan with a clear 
direction. These objectives cannot be shared at this 
time because engagement is currently ongoing.  
 

Figure 7. This figure summarises key aspects of the 
engagement programme. This figure does not include or 
count these numbers, or those reached through 
newspaper articles and other such communications that 
were outside of DCC’s control. 

 
7. Discussion  
The development approach taken for the St Clair – 
St Kilda Coastal Plan has placed community input 
and visioning at the heart of direction setting and 
has placed emphasis on achieving broad 
community input. Only a relatively small amount of 
technical input and investment was required at this 
stage due to the comprehensive work already 
completed by the local university, DCC and other 
organisations. 
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The journey has not been easy, and risks exist when 
taking this sort of approach. Nonetheless, risks also 
exist when taking a more traditional approach – i.e., 
front-loading technical assessments of pre-selected 
management options and establishing a plan 
without meaningful community input. By involving, 
educating and building interest through the 
engagement process, DCC has been able to work 
with the community to establish a direction of travel, 
while being clear on the work that is still required to 
develop greater confidence in future investments 
and on what can be done now to get things started. 
It has also broadened awareness in the community 
of issues facing the coastline in general and set a 
useful precedent for dealing with difficult coastal 
planning problems in the future.  
 
In this situation and others where gaps in 
knowledge exist, this engagement-oriented 
approach has helped to lift DCC out of a reactive 
mode of management and set out a clear path 
forward with community buy-in.  

 
7.1 Lessons learnt 
The St Clair – St Kilda Coastal Plan involved 
building awareness and support from a range of 
stakeholder groups and shifted the planning 
process from a conventional and technical process 
towards a community oriented and aspirational 
approach. Without this approach it is expected that 
the plan would have been heavily contested and 
achieved little progress and may also have failed to 
excite council and the community about 
opportunities for sustainable stewardship of the 
coast. 
 
The diversity of engagement methods used during 
this project facilitated involvement from groups and 
individuals that had been difficult to reach or 
otherwise engage with. Public participation through 
workshops and drop-in events was encouraged as 
these events provided a rich engagement 
experience and an opportunity for 1:1 conversation 
between community members and council staff, 
including council’s coastal expert. This helped 
inform those that attended with limited 
understanding of the issues and provided 
opportunities for people with valuable local 
knowledge (such as surfers and long-standing 
locals) to provide detailed input through the 
provision of stories, photographs and perspectives. 
 

 

Figure 8. The high-level feedback themes on values and 
concerns. The values feedback is being used to underpin 
the plan’s vision and to formulate coastal management 
objectives which support in the screening of options. 

 
Being able to adapt engagement activities during 
the process of community outreach was critical to 
achieving broad input. The design and 
implementation of the printmaking sessions is one 
example of iteration in the engagement programme. 
Early in engagement, it was identified that input 
from families and young people had been minimal. 
The printmaking sessions were designed 
specifically to address this issue and to provide a 
novel engagement opportunity for members of the 
community. This opportunity for adapting 
engagement was enabled because community 
input and reach were monitored throughout. 
Retaining contingency in time and budget can 
provide opportunities to be nimble and adapt 
engagement to address such gaps. 
 
In order to produce a plan that was an honest 
reflection of what had been heard from the 
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community, the decision was made to produce the 
vision component entirely free of any council input 
or influence. The hope being to produce an 
aspirational vision, free of the constraints otherwise 
imposed by Dunedin City Council’s perspective of 
affordability and technical feasibility. The intent with 
this approach was not only to provide an honest 
reflection of community input, but also to support in 
the development of next steps and long-term 
management pathways that were informed by 
community input in the first case. The hope is that 
demonstrating strong alignment between 
community feedback and the direction of the plan 
will help it to be supported and endure. Drawing the 
community in early can help to generate trust and 
enduring relationships. This can make the council’s 
plans more sustainable by creating acceptance and 
reducing the factors that trigger outrage and 
opposition. 
 
To build trust with the community, careful attention 
was given to avoiding overpromising or exciting the 
community about futures that might never be 
possible. To support with this challenge, detailed 
management pathways preferred by council were 
not presented prematurely. Rather, the community 
was approached with honesty regarding the present 
unknowns relating to short-listed management 
options and the work that will be required to meet 
the vision and to develop greater confidence in the 
coming years. This approach not only allowed the 
DCC to be more honest about where it was at with 
regards to option assessment, but also 
demonstrates a willingness to adapt in the future, by 
keeping a range of management options and 
possibilities on the table.  
 
When working through the plan development 
process it was recognised that DCC needed to keep 
the process broad, with a view on the wider drivers 
(such as community, policy and funding) and to 
avoid getting bogged down in the technical detail 
too soon. Further work to support option 
assessment, land-use change, and other such 
activities can come later, and scoping of this work 
can be supported and directed by early engagement 
and direction setting. This is consistent with the 
principles of adaptive planning. 
 
Leveraging the expertise of the local academic 
sector was a valuable component of the broad 
engagement achieved across this project. 
Specialists in planning and engagement were first 
involved in reviewing and contributing to the initial 
engagement plan, while others in the fields of 
coastal geomorphology, marine science, 
economics and surveying also supported as 
sounding boards throughout the plan development 
process. These collaborative relationships with the 
local university were critical in supporting what was 
otherwise a relatively small project team. The post-

graduate students involved through this 
collaboration were provided with opportunities to 
attend and contribute to engagement and technical 
work activities, developing local interest and 
capability. A range of studies led by the University 
actively contributed to the technical understanding 
of coastal processes, beach/ dune evolution and 
management options. 
 
The Ministry for the Environments Coastal Hazards 
and Climate Change guidance [3] served as a 
useful tool in the development of the St Clair – St 
Kilda Coastal Plan. Deciding exactly how to apply 
the guidance, what adjustments to make for this 
process, and which parts of the 10-step cycle to 
emphasise in engagement were critical. Placing 
emphasis on community input and visioning was 
appropriate in this case, because the level of 
technical information and understanding was 
sufficient to support high-level option assessment 
for the purpose of shortlisting options. This 
approach has now positioned DCC so that more 
detailed assessments can be completed to inform 
further assessment, design and planning – all within 
the context of the contributions of the community 
and the resulting vision. 
 
A key learning is that the community’s values and 
aspirations can be drawn out without having all of 
the technical information on-hand and by enabling 
the community to engage with experts in coastal 
management in an informative and non-
confrontational manner. Being open and honest 
about what we do know and what we don’t know 
allowed the community and council to become 
“unstuck”, build trust, and to move forward together. 
To this effect, the sequencing of the 10-step cycle 
was viewed as fluid, allowing the community to be 
drawn in early to direction setting and for targeted 
technical assessments to be completed later or in 
parallel with engagement. 
 
7.2 Desired improvements 
Through the plan development process, the team 
has found itself more prepared for some challenges 
than others. A greater emphasis on the policy and 
planning context from the outset would have been 
useful. In particular, the early gap analysis could 
have been broadened to include an assessment of 
the current local planning and policy context, as well 
as a screening level condition assessment for 
existing coastal protection structures, helping to 
inform rapid uptake and the provision of budget 
following the delivery of the plan. 
 
Mana whenua input was gained through the 
initiation phase of this project and was drawn in to 
develop the engagement plan and support in the 
production of project collateral at various stages. 
The ambition was, and still is, to partner on this 
process with Mana whenua. Unfortunately, the 
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capacity of the local Rūnaka was a constraining 
factor during some stages of the plan development 
process. 
 
8. Concluding statement 
Dunedin City Council is proud of the journey that it 
has taken with the community to develop the St Clair 
– St Kilda Coastal Plan. Substantial effort has been 
put into creating a diverse and accessible 
engagement programme and facilitating broad 
community input. The plan development process 
has been sequenced and approached in a way that 
has allowed community input to play a key role in 
direction setting and plan development, with the 
intent of helping the plan to endure. We hope that 
this paper serves to support others with their 
adaptation planning processes. 
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Abstract 
Main Roads WA are leading the construction of improved crossings of the Swan River in Fremantle, Western 
Australia.  There are 2 existing bridges hosting road and rail crossings, with the development including an 
additional rail bridge and a new road bridge.  The existing road bridge was constructed in 1938 as a temporary 
structure and it is coming to the end of its service.  HR Wallingford worked with Arup to use real time navigation 
simulation to examine the impact of the bridge design on river navigation and to inform the design of the 
bridges.  Key to the success of the project will be pier locations during construction and in the final layout. 
 
HR Wallingford constructed a realistic simulation model with fine detail of the bridges, which included a 
hydrodynamic flow model.  The study considered the largest ferries, along with tug and barge combinations 
which regularly transit the bridges at the eastern end of Fremantle Port.  The study initially examined the 
maximum environmental limits in which each of the existing ferries could safely navigate the bridges.  
Subsequent stages examined the established upper environmental limits with all bridges in situ during the 
construction phase, as well as the completed phase with the existing road bridge removed, with a section 
remaining for heritage purposes. 
 
A concept design ferry was also investigated to ensure the proposed pier locations for the new bridges were 
suitable for potential future river users.  The characteristics of the ferry were determined based on PIANC 
guidelines Report WG141-2019 for vessel width for transiting bridge arches, as well as case studies of other 
existing ferries and trends in new ferry design.  
 
There was overall success with the design of the bridges, but the simulation study highlighted potential conflicts 
with regard to the location of certain bridge pile caps at the different stages of the development.  These will be 
further considered during project development.   
 
Keywords: ships, navigation simulation, bridge design, hydrodynamic flow model. 
 
1. Introduction 
Main Roads WA are leading the construction of 
improved crossings of the Swan River in Fremantle, 
Western Australia.  There are 2 existing structures 
with the western bridge hosting rail and the eastern 
bridge hosting road crossings. The proposal 
included the construction of an additional rail bridge 
to allow greater capacity for freight trains and 
passenger trains.  A new road bridge will also be 
constructed as the existing bridge was completed in 
1938 as a temporary structure, and, after several 
redevelopments, it is coming to the end of its 
service.  
 
Another concern with the existing bridges was the 
navigation for watercraft in the river.  As the road 
bridge was only constructed as a temporary 
solution, consideration was not given to the 
alignment of the arches when the rail bridge was 
built.  With the evolution of the river traffic, the transit 
between the arches, particularly the southern 
transit, is challenging for the largest of vessels due 
to misalignment between the road and rail bridges. 
 
The project and construction of the bridges was 
planned such that it should not affect the existing 
flow of transportation for the road, rail or maritime 
traffic.  This means that the new road and rail 
bridges will be in place before the demolition of the 
existing road bridge.  Hence, during construction, 

there will be 4 bridges in place, which will be an 
increased navigational hazard.  
 
As part of the development of the proposal, a real 
time navigation simulation study was required to 
inform a risk assessment which subsequently 
assisted with the design of the bridges.  
HR Wallingford conducted a study to examine all 
aspects of maritime traffic navigation through the 
bridges throughout the construction phases and 
pre-demolition of the existing road bridge, as well as 
the final completed Swan River Crossings project.  
 
The existing road bridge is of heritage value and the 
study considered the length of the bridge that could 
remain once the works are complete, without 
affecting safe navigation.  
 
Simulation runs were conducted by experienced 
ferry masters who operate the largest ferries which 
transit the bridges, as well as a tug master who had 
extensive experience of such operations.  This 
paper details the vessel navigation simulation study 
that was carried out, along with the conclusions and 
recommendations that resulted from the work.    
 
2. Simulation configuration 
2.1 Simulation layouts  
HR Wallingford created a simulation model of 
Fremantle Port, road and rail bridges and the 
approaches from the Swan River.  A total 
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of 3 configurations were created to reflect the 
stages of the project development.  These were: 
• Existing bridge configuration – for the existing 

bridge layout (Figure 1); 
• Construction bridge configuration – included 

existing bridges as well as the additional rail and 
road bridges (Figure 2); 

• Proposed bridge configuration – the finalised 
layout with the new rail and road bridges in 
place, with the existing road bridge demolished 
with the heritage section remaining (Figure 3). 

 

 
Figure 1   Existing bridge configuration (Source: 
HR Wallingford Ship Simulation System) 

 
Figure 2   Construction bridge configuration (Source: 
HR Wallingford Ship Simulation System) 

 
Figure 3   Proposed bridge configuration (Source: 
HR Wallingford Ship Simulation System) 

2.2 Bathymetric model 
The simulation configuration also included the use 
of a bathymetric model (Figure 4) which was based 
on survey data collected by Department of 
Transport, Department of Water, Geoscience 
Australia, Fremantle Ports and EGS Surveys.  
These surveys were combined, with the most recent 
and higher resolution surveys taking precedence.  
The data ranged from surveys dated from 2006 to 
2016 with the EGS survey being the most recent 
and highest resolution data around the existing 
bridge structures. 

 
Figure 4   Existing bridge configuration bathymetry 
(Source: HR Wallingford Ship Simulation System).  

2.3 Tidal model 
HR Wallingford received a flow model from 
MP Rogers (Reference 1) which was integrated into 
HR Wallingford’s Ship Simulation System.  The flow 
model was created using Delft3D software and used 
3 grids with a defined mesh with a resolution of 50m 
(2D model), 10m (3D model with 3 planes) and 
3.33m (3D model with 9 planes), with the finest 
mesh around the bridge structures and the 
approaches.  The model was originally calibrated 
using flow measurements from 14 to 30 June 2015, 
which was prior to the rock mound and the dolphin 
structures being installed to the west of the rail 
bridge.  Following calibration by MP Rogers 
(Reference 1), the rock mound was added to the 
existing configuration, and the construction and 
proposed bridge configuration scenarios were also 
run in the model.  
HR Wallingford adapted the model to create a 
detailed grid of depth averaged flow speeds within 
the top 2m of the water column, which is the layer of 
water that will interact with vessels with a 2m 
draught.  This was then used as the input flow 
velocities in the simulation.    
 
A period of 48 hours was selected for use in the 
simulation from the 2015 tide, which covered the 
spring tide during the month.  It was understood that 
this is a typical spring tide for the year.  
 
2.4 Wind 
The wind conditions used for the simulation were 
appropriate and realistic for the region.   The wind 
was applied as a constant wind velocity and 
direction with no sheltering at the vessels.  The 
simulator usually defines the wind speed at an 
elevation of 10m or higher, but with the dimensions 
of the ferries, it was more appropriate to scale this 
to be applied at a 5m elevation.  The wind 
coefficients built into the ship manoeuvring model 
were updated according to an assumed vertical 
wind profile (based on a power law with an exponent 
of 1/7) to ensure that an appropriate wind effect was 
included in the modelling.   
 
The prevailing and most challenging directions were 
agreed amongst the Simulation Team to be from 
south west, north west and north east.  These 
conditions are the most typical in the region with the 
highest velocities coming from these directions. 
 

Existing road bridge  

Existing rail bridge  

Proposed road bridge  

Proposed rail bridge  

Remaining heritage section  
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2.5 Design vessels  
There are currently 2 main ferry operators that 
operate the largest vessels transiting the bridges on 
a regular basis.  These are the Rottnest Express 
and SeaLink.  In addition, there are occasionally 
small tugs manoeuvring barges that transit the 
bridges, but most smaller vessels are pleasure craft.  
 
The study examined the 2 ferries as the largest 
vessels, and the tug and barge combination as one 
of the least manoeuvrable vessels.  It was also 
expected there will be increased barge movements 
during the construction phases of the project.  
Rottnest Express selected ‘Star Flyte Express’ as 
their largest vessel, whilst SeaLink selected the 
Maggie Cat class ferry, ‘Quokka 2’ as their least 
manoeuvrable vessel that transits the bridges.   
 
HR Wallingford created 2 new vessel manoeuvring 
models to represent the ‘Star Flyte Express’ and 
‘Quokka 2’ with the tug and dumb barge (a barge 
without its own propulsion) selected from 
HR Wallingford’s vessel manoeuvring model library.  
Table 1 summarises the vessel particulars. 
 
An additional future ferry model was also created to 
best represent a concept ferry which might transit 
the bridges during their design life.  To make an 
initial assumption of the future ferry dimensions, 
HR Wallingford used PIANC guidelines WG141 
(Reference 2).  The guidelines suggested that a 
river vessel should be able to safely pass through a 
bridge arch of 2 times the beam of the vessel.  With 
the proposed bridge configuration, the rail bridge 
will be the limiting width, which will be 25m.  This 
meant that the beam of the future ferry vessel may 
be up to 12.5m.  Note the ratio for the existing road 
bridge with the ‘Star Flyte Express’ ferry is 1.64.  
  
HR Wallingford subsequently examined a global 
database of registered vessels and a typical 
catamaran designed ferry of 12.5m beam has a 
length overall of 50m.  It was noted that monohull 
vessels are typically longer than catamarans of the 
same beam, however at this stage, it was accepted 
that 50m would be a suitable increase from the 
existing vessels in operation on the river.  These 
calculations formed the dimensions of the future 
vessel that was represented in the simulation. 
Table 1   Design ship particulars  

‘Star Flyte Express’ Value  
Length overall  40.7m 
Beam 9.15m 
Draught  1.68 
Engine power 2,280kW 
Propulsion  2 x fixed pitch propellers 
‘Quokka 2’ Value  
Length overall  29.94m 
Beam 8.24m 
Draught  1.79m 
Engine power 1,790kW 
Propulsion  2 x fixed pitch propellers 

Future ferry Value  
Length overall  50m 
Beam 12.5m 
Draught  1.9m 
Engine power 3,580tkW 
Propulsion  2 x fixed pitch propellers 
Tug – Shoalbuster 
2208s 

Value  

Length overall  22.65m 
Beam 8m 
Draught  1.8m 
Engine power 896kW 
Propulsion  2 x fixed pitch propellers 
Dumb barge  Value  
Length overall  33.5m 
Beam 7.48m 
Draught  1m 

  
2.6 Visual scene 
HR Wallingford created a 3D visual model of 
Fremantle Ports’ harbour, the bridges and upstream 
of the bridges, to provide a realistic view for the 
masters manoeuvring the vessels.  It was important 
to create a realistic visual scene to give the mariners 
all the visual cues they require for effective 
navigation. It allows the mariners to be able to 
operate in a realistic manner and as close to reality 
as possible within the simulated environment.  
HR Wallingford conducted several bridge transits 
on the water with the assistance of Rottnest 
Express and SeaLink, as well as riverside visits, to 
take photographs and video of the vessels, bridges 
and surrounding areas to build the realistic visual 
scene.  Examples of the visual scene are shown in 
Figure 5 to Figure 7. 
 

 
Figure 5   Construction bridge configuration, ‘Star Flyte 
Express’ transit (Source: HR Wallingford Ship Simulation 
System) 

 
Figure 6   Construction bridge configuration, ‘Quokka 2’ 
transit (Source: HR Wallingford Ship Simulation System) 
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Figure 7   Existing bridge configuration, tug and barge 
transit (Source: HR Wallingford Ship Simulation System) 

2.7 Verification of simulation configuration 
Prior to the simulation session, the masters of the 
vessels all attended a test session.  This was to 
allow the vessel manoeuvring models to be tested 
and verified by the masters who drive the ferries on 
the water.  Due to limited data available when the 
models were created, a number of improvements 
were made (for example the acceleration) during 
the test phase to replicate the handling 
characteristics of the ferries. 
 
The simulator was configured with suitable controls 
to represent those on the vessels.  Electronic 
instrumentation and other aids were set up to assist 
the masters with the navigation and to indicate if 
there was any contact with the bridge arches.  
Figure 8 shows the bridge which was used with the 
‘Star Flyte Express’ shown on the screens. 
 

  
Figure 8   Simulator bridge (Source: HR Wallingford Ship 
Simulation Centre) 

A run grading system was also created which 
consisted of worsening criteria in categories of 
successful, marginal and failure, which included 
assessment of the control of the vessel and 
clearance distances to fixed structures. 
 
3. Discussion of results 
3.1 Overview  
The simulation session was conducted over a 4 day 
period, with a total of 199 runs completed to 
examine all vessels.  Each ferry run was piloted by 
an experienced master of either ‘Star Flyte Express’ 
or Maggie Cat ferry, which included the future ferry 
manoeuvring model.  The tug and barge was 
operated by a tug master with experience of 
handling such vessels and manoeuvring barges.  
Following the completion of each run, the 
Simulation Team used the grading criteria to 

determine whether the run was successful, marginal 
or failure.  If a run was not found to be successful, 
the master repeated the run with further 
familiarisation, or the wind or current was reduced 
until a successful outcome was established. 
 
3.2 Bridge transit  
On approach to the bridges the masters planed 
ahead as far as possible.  They attempted to align 
with the straight line navigation channel ‘window’ 
(Figure 9) as it was described, which means that 
minimal rudder movements are required in between 
the arches.  Depending on the environmental 
conditions and the alignment, small rudder 
movements can be expected and occasionally 
engine adjustments, which can include splitting the 
engines, to control the heading of the vessel.  
 

 
Figure 9   Downstream straight line navigation channel – 
view from ‘Star Flyte Express’ wheelhouse (Source: 
HR Wallingford Ship Simulation System) 

Approaching the northern arch transiting 
downstream (going to the west), the masters found 
that they were required to come close to the East 
Street Jetty and into the natural upstream (transiting 
to the east) navigation channel, to achieve the 
straight line ‘window’ through the arches.  They 
were then required to control any drift angle caused 
by the environmental conditions approaching the 
existing road bridge.  Once through the road bridge, 
the masters typically needed small rudder 
movements to starboard to align for the existing rail 
bridge arch.  As the bow cleared the rail bridge arch 
and the dolphins, the rudder was typically used to 
port to move the stern to starboard to ensure 
suitable clearance to the bridge pile caps and to 
continue the manoeuvre into the port area.  
 
The ferries are occasionally required to use the 
southern arch when transiting downstream.  For 
example, when the height of tide given by the 
Fremantle Ports Vessel Traffic Service (VTS) is 
1.1m above chart datum, the bridge air draught is 
not sufficient for the ‘Star Flyte Express’ to clear 
under the northern arch.  The masters often target 
1m above chart datum to allow for a margin of 
safety.  This southern arch transit is against the 
natural river traffic flow, so comes with some risk 
posed by recreational vessels transiting upstream at 
the same time.  With this transit the masters also 
have the finger jetty to navigate around once 

Visual 
‘window’ 
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through the existing rail bridge, although there is 
more space to steer away from it.  
 
Transiting upstream, the ferries always use the 
southern arch.  This is understood to be the most 
challenging transit due to the misalignment of the 
arches and the location of the finger jetty.  On 
approach, the masters look for the same alignment 
straight line ‘window’ by aligning with the finger jetty.  
Proximity to the finger jetty to the starboard side of 
the vessel can reduce to as little as 1m.  This 
alignment gives the masters a straight line channel 
of approximately 12m at the narrowest point 
(passing the finger jetty) increasing to 
approximately 12.5m transiting the existing road 
bridge.  The ‘Star Flyte Express’ has a beam 
of 9.15m, this leaves a maximum clearance of 
approximately 1.4m either side to achieve the 
straight line transit.  To increase this ‘window’ for the 
upstream transit, the removal of approximately 20m 
of the western end of the finger jetty was discussed.  
This would mean that the rail bridge dolphin would 
become the first point at which the infrastructure 
causes a restriction.  The straight line transit would 
then be approximately 18m passing the new end of 
the finger jetty, reducing to 15m through the existing 
rail bridge down to the present 12.5m through the 
existing road bridge.  
 
Once past the existing rail bridge while transiting 
upstream, the ferry masters typically used the 
rudder to starboard to position the ferries as parallel 
to the existing road bridge arch as possible.  Once 
the stern was clear of the bridges, the rudder was 
used to port to manoeuvre towards clear water past 
the East Street Jetty.  
 
3.3 Existing bridge configuration  
With the location of the bridges, there is known to 
be considerable sheltering from the wind due to the 
topography, buildings and the bridge structures 
themselves.  The only known wind measurements 
in the area are at the Fremantle Ports building, 
which is in a considerably more exposed location 
than the bridges.  As a result, the masters were not 
aware of the wind speeds acting on the vessels 
during the bridge transits.  The first part of study 
used the existing bridge configuration (Figure 1) to 
establish the maximum wind from 3 directions in 
which the vessels could safely transit the bridges.  
The runs consisted of up and downstream transits 
in flood and ebb tides, with 3 wind directions and 
using 3 design vessels.  
 
When examining the tug and barge, transiting with 
the tide astern of the vessels was challenging and 
all runs were considered failures with contact with 
the bridge arches.  As a result, this scenario was not 
considered for the remainder of the study. 
 
The results varied throughout the conditions with 
winds established as low as 5 knots, with the peak 
spring tide astern of the ferries and up to 15 knots 
in the more favourable wind and tide directions. 

 
3.4 Construction bridge configuration  
With the existing bridge configuration maximum 
wind limits established, the construction bridge 
configuration (Figure 2) was examined, using the 
wind limits as the basis.  Using this method the 
configurations could be directly compared using the 
assessment criteria. 
 
3.4.1 Downstream transits 
During the downstream transits, the proposed road 
bridge arches were found to be considerably wider 
than the existing arch and not a factor for navigation 
for all vessels examined.  The transit of the existing 
road bridge was not found to be a greater challenge 
than the previous configuration, as the same width 
restrictions applied.  Once the vessels had transited 
the existing road bridge, the proposed rail bridge 
pile caps were the next new navigation hazard. The 
location of the proposed rail bridge pile caps were 
found to be well positioned and with the correct 
orientation to the river traffic.  
3.4.2 Upstream transits 
As with the upstream transits with the existing 
bridge configuration, the masters were required to 
position the vessels close to the finger jetty to 
establish a straight transit.  Transiting past the 
location of the proposed rail bridge pile cap, it was 
found to protrude into the straight line navigation 
channel ‘window’ that the masters used to align for 
the transit.  As discussed in Section 3.2, the straight 
line width of the southern arch transit is 
approximately 12m minimum increasing to 12.5m 
towards the existing road bridge.  With the location 
of the proposed rail bridge pile cap, this width was 
reduced by approximately 1.5m, therefore a 10.5m 
straight transit is available.  It was noted that 
although a protrusion into the navigation channel, 
the orientation of the proposed rail bridge pile cap 
was optimal and parallel with the vessels transiting 
the bridges.  This can be seen in Figure 10. 
 

 
Figure 10   Construction bridge configuration, all existing 
ferry transits upstream (Source: HR Wallingford Ship 
Simulation System).  

Possible solutions proposed during the study 
included removal of a portion of the finger jetty to 
increase the initial straight line width.  Secondly, 
repositioning the proposed rail bridge pile cap 
further to the north would reduce the protrusion.  It 

Rail bridge pile cap, 
orientated parallel to 

the ferries 

Space available 
between ferries and 

southern pile cap 
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was understood that the positioning was designed 
to minimise scour around the piled structure, as well 
as protect from a vessel contact to the existing rail 
bridge.     
An alternative solution would be to remove the pile 
cap and bridge span altogether.  It was understood 
that the maximum bridge span is 55m with the 
proposed deck height for the new rail bridge.  With 
the proposed rail ridge span currently measured 
at 30m to the centre of the pile cap, there may be 
options to increase the span and reduce the impact 
on navigation.  With available space to the south 
shown in Figure 10, the southern pile cap could be 
moved north to accommodate a 55m span.  This 
would then mean the existing rail bridge is not 
protected from vessel contact, however, there will 
not be the need for downstream transits using the 
southern arch once the height restricting existing 
road bridge is demolished.  This would considerably 
reduce the risk of a vessel contact in this instance.  
 
When comparing the maximum conditions 
established with the existing bridge configuration, 
only 2 conditions had reduced wind limits.  These 
were with ‘Quokka 2’ transiting upstream with north 
westerly wind and flood tide and the ‘Star Flyte 
Express’ in the north easterly wind with the flood 
tide.  In general, the masters found the tide astern 
of the ferry a greater challenge, but with the further 
restricted space from the proposed rail bridge pile 
cap, this challenge was increased in these 
environmental conditions.  The tug and barge 
transits were found to be straightforward within the 
same successful environmental limits found during 
the existing bridge configuration transits, as the 
beam of the vessels were not as affected by the 
protruding pile cap as the ferries. 
 
3.5 Proposed bridge configuration  
Following the completion of the construction case, 
the proposed bridge configuration (Figure 3) was 
examined with the addition of the future ferry design 
vessel.  
 
All runs were conducted in 15 knots of wind, 
regardless of the limits identified during the existing 
bridge configuration transits.  This meant that in 
some cases the limit examined was higher.  
 
3.5.1 Downstream transits 
Following initial familiarisation runs, all downstream 
transits were found to be successful with the 
existing ferries and the tug and barge.  The 
approach to the proposed road bridge was 
considerably wider and the masters did not have to 
position the ferries as far south as when aligning for 
the existing road bridge, so reducing interference 
with the upstream traffic.  By using 15 knots of wind 
throughout, this demonstrated that even with some 
wind conditions which were greater than the limits 
established previously, the manoeuvre had been 
made more straightforward with a greater safety 
margin whilst transiting the bridges.   

3.5.2 Upstream transits 
The upstream transit was found to have been made 
significantly more straightforward for transits with 
the removal of the existing road bridge, and resulted 
in a different approach for the masters.  The straight 
line navigation channel through the proposed 
arches was now restricted by the location of the 
proposed road bridge and the finger jetty on the 
southern side and the proposed rail bridge pile cap 
on the northern side.  This meant the straight line 
navigation channel was increased to 
approximately 17m from 12m with the existing 
configuration, and 10.5m with the construction 
configuration.  
 
This additional width allowed the masters to position 
the vessels further from the finger jetty and the rail 
bridge pile caps and increased the margin for error 
for the transit.   
 
The existing ferries also conducted a run using the 
central rail arch and the southern arch of the 
proposed road bridge shown in Figure 11.  The runs 
were carried out in the most challenging conditions 
with the flood tide and the wind from the north west 
at 15 knots.  
 
The location of the pile caps were not found to be 
significantly restrictive and the masters were able to 
align with the transit through the bridges.  Once the 
ferries were clear of the rail bridge, the turn was 
made to port using 10° to 15° of rudder angle.  It 
was suggested that this could be a suitable transit 
route for the larger commercial river traffic as a more 
straightforward bridge transit.  However, it was 
discussed that there may be risk of recreational 
vessels overtaking or replicating the ferries which 
may lead to river incidents.  
 

 
Figure 11   Proposed bridge configuration, all existing 
ferry transits upstream (Source: HR Wallingford Ship 
Simulation System).  

3.5.3 Future ferry  
With a bridge lifespan of over 100 years, the study 
considered the dimensions of a ferry which might be 
in operation in the future. 
 
SeaLink mentioned a vessel currently in their fleet 
which they would expect to transit the bridges once 
the project has been completed.  This was the 
Capricornian Sunset (‘Quokka 1’) vessel which 
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is 35.09m long by 10.25m beam.  This vessel is not 
currently able to transit the bridges due to the height 
of the existing road bridge, with minimum air 
draught of +6.7m at highest astronomical tide (HAT) 
for the northern arch and +7.3mHAT for the 
southern arch. 
 
SeaLink, detailed that with a water draught of 1.3m, 
the vessel has an air draught of 10.35m measured 
from the waterline to the top of the mast.  SeaLink 
described that the mast can be removed from the 
vessel, with the top of the fixed radar at 8.1m above 
the water line. 
 
Following the completion of the Swan River 
Crossing project, the height restriction will be due to 
the existing and proposed rail bridges.  The existing 
rail bridge is measured at an elevation of +8.1mHAT 
for the northern and southern arches, with 
+8.2mHAT for the central arch.  Geometrically, this 
suggested that the Capricornian Sunset will be able 
to operate at all states of tide following the 
completion of the project, by using the central arch 
and proposed road bridge southern arch. 
 
The study also considered the maximum sized ferry 
which could transit the proposed bridge 
configuration.  Section 2.5 outlines the concept 
future ferry which was used during this part of the 
study.  It represented a 50m long by 12.5m beam 
catamaran design ferry.   
 
With the additional beam of the future ferry, it was 
found that approaching on a line further north and 
transiting the rail bridge more parallel than 
previously, allowed for an easier approach.  On this 
alignment, however, there was less visible clear 
water to look towards and the bow was on a heading 
for the eastern most proposed road bridge support 
as shown in Figure 12.   Once the ferry was clear of 
the rail bridge, the turn to port could be made to 
align for the clear water.  This manoeuvre was 
considered acceptable to the masters, however, it 
was quite different to their existing approach. 
 

 
Figure 12   Future ferry approaching upstream bridge 
transit (Source: HR Wallingford Ship Simulation System).  

4. Conclusions  
Following completion of the study, translation of the 
simulated transit paths into CAD files was 
automated and the results uploaded to the project 
GIS portal to facilitate future bridge layout and 
design modifications. The following overarching 
conclusions were drawn: 

• The position of the new rail bridge pile cap for 
the southern arch was found to decrease the 
straight line navigation channel by 
approximately 1.5m, from 12m to 10.5m.  This 
resulted in the vessels needing to manoeuvre 
closer to the finger jetty than with the existing 
operation.   

• The orientation of this pile cap was exactly 
parallel with the transiting ferries, but protruded 
into the navigation channel reducing the space 
available.  

• During the construction phase, all runs were 
successful within the limiting conditions of the 
existing bridge configuration, with 2 exceptions. 

• The most challenging conditions were when the 
tide was astern of the vessels. 

• With the proposed bridge configuration in place, 
all scenarios examined were successful in 
15 knots of wind.  The success of these runs 
demonstrated the improvement in the safety 
margin when transiting the bridges and the 
difference in the approach the masters are 
required to take with reduced river hazards. 

• Once the project is completed, the central arch 
of the rail bridge, leading to the southern arch of 
the proposed road bridge, may be an option for 
navigation for the larger commercial vessels.  

• Regarding the future ferry, a vessel of 50m long 
by 12.5m beam was able to safety navigate the 
proposed bridge configuration. 

• The heritage section of the road bridge was not 
found to impact the navigation once the 
remainder of the road bridge had been 
removed. 

 
5. Recommendations  
The following recommendations were made: 
• With the upstream navigation channel width 

restricted by the proposed rail bridge pile cap in 
the construction bridge configuration, it was 
recommended that an alteration to the bridge 
pier location is considered.  This may include 
repositioning or removing it altogether with an 
increased pier spacing.  Alternatively, or as well 
as, the transit would be made more 
straightforward by reducing the length of the 
finger jetty by 20m, to 25m.  These changes are 
also expected to further increase the safety of 
the proposed bridge configuration. 

• The project is currently being developed for 
construction and alternative road and rail 
alignments are under consideration. This 
affects the proposed navigation channels and 
bridge pier configuration and details. These 
changes should be re-evaluated using vessel 
simulation to determine their potential impact. 
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Abstract 
The lessons from recent New Zealand earthquakes has shown that port wide resilience strategies need to 
consider all port assets, rather than address each asset individually, in order to achieve the required 
operational/business continuity for the port. In addition, resilience strategies need to include consideration of 
the insurance process and the time constraints this imposes.  
 
The performance of marine structures and buildings in Ports during recent New Zealand earthquakes 
(Canterbury and Kaikōura), delivered stark lessons on seismic resilience.  Most of the port structures and 
buildings, performed as our Codes intended them to, that is, to safeguard people from injury.  However, many 
structures suffered damage as a result of lateral displacement of reclaimed land seawards, movement of 
seawalls, response of buildings situated on top of wharves, mixed foundation systems and damage to buildings 
and structures where they were located close to existing seawalls and historic seawalls.  The need for ports 
to maintain operations and to prioritise repair and rebuild following the earthquakes was brought into focus as 
was the strategic risk to ports as a result of earthquake damage.  
  
The first part of this paper highlights the lessons learned from the seismic performance of many different 
structures at two ports in New Zealand.  The second part of this paper illustrates how these lessons have been 
used to implement improved port wide resilience strategies which allows the development of robust operational 
and business continuity strategies across all facilities based on port operational modes, including not only in 
the post-disaster phase but also during the recovery phase, along with considerations for redundancy within 
the port or across port facilities.  The final part of this paper considers questions asset owners should be asking 
and how engineers can assist owners and operators in this respect.  
 
Keywords: resilience, lessons learned, port structures, port operations, business continuity 
 
1. Introduction 
The approach to achieving business continuity 
resilience in New Zealand ports has changed 
significantly over the past decade. This has been 
driven by what has been learned from the damage 
sustained and the impact of that damage on port 
operations as a result of the Canterbury Earthquake 
Sequence in 2010/2011 and the Kaikoura 
earthquake in 2016. 
 
The design and construction of much of the port 
infrastructure at New Zealand ports predates 
current understanding of earthquake response and 
resilience strategies. While life safety objectives 
were met, i.e. structures met the minimum 
requirements of the New Zealand Building Code [1], 
namely life safety not damage control, the 
operational impact of the damage was severe. 
 
The damage sustained to seawalls, wharf structures 
and buildings was largely due to the kinematic 
component of the earthquake response typified by 
movement of revetment slopes, retaining walls and 
historic buried seawalls. 
  
The operational impact of the damage was far 
reaching. Wharf structures became inaccessible to 

regular port vehicles due to lateral and vertical 
movements of the wharf structures and backlands; 
backland pavements were damaged as were in-
ground services including reefer power and lighting.  
Buildings housing core port operations staff and 
administration were left unsuitable for occupation 
and damage to structures and buildings associated 
with public transport routes (incl. ferry operations) 
were compromised requiring temporary repairs or 
areas cordoned to prevent access to the public. 
 
Resolution of insurance claims complicated the 
repair process with the uncertainty of claim 
settlement making it difficult and challenging for 
ports to commit to large reinstatement expenditure.   
Operational continuity often required several rounds 
of temporary repair with a final reinstatement 
timeframe in excess of ten years. 
 
The importance of achieving business continuity 
was also highlighted following the 1995 Kobe 
earthquake.  At the time the Port of Kobe was the 
world’s 4th largest container port and by 2010 had 
dropped to number 49 [2]. Following the 
earthquake, the damage to the Port of Kobe meant 
they were unable to achieve the business continuity 
within sufficiently short timeframe and hence the 
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trade moved to other ports.  By the time they had 
restored capacity they were unable to regain much 
of the lost trade. Although other trading factors will 
also have been in play (since several Japanese 
ports have been overtaken in the world throughput 
rankings), Kobe exemplifies that earthquakes 
represent a strategic risk for ports. 
 
Merely confirming compliance with the minimum 
requirements of the New Zealand Building Code 
can fall well short of achieving operational continuity 
and structural resilience. 
 
It is important to understand the operational impacts 
that occurred as a result of recent earthquakes in 
New Zealand to enable better preparedness for 
ports and to ensure business survival and continuity 
for ports following future major earthquake events. 
 
2. Lessons learned from the seismic 

performance of port structures 
The key lesson learned from the seismic 
performance of port structures and infrastructure is 
that there is a need to focus on business continuity 
at a port-wide level for both new design projects, 
existing assets and strengthening/retrofit projects.  
 
Damage resulting in loss of functionality of an 
individual asset can be acceptable if other assets at 
the port can provide for operation to the required 
level of service. The figures below are typical of 
observed damage. Figures 1-2 show pavement and 
backland damage as a result of revetment 
displacement. Figures 3-4 show typical pile head 
damage to wharves. Figure 5 shows damage to a 
building which straddle a marine structure and the 
backlands. 
 

 
Figure 1   Lateral displacement of pavement and 
revetment (Source: Opus (WSP))  

 

 
Figure 2   Backlands ground settlement relative to wharf 
slab due to lateral movement of under wharf revetment 
(Source: [3]).  

 
Figure 3   Pile head damage due to kinematic demands 
(Source: [4]).  

 
Figure 4   Pile head and capping beam damage (Source: 
Opus (WSP)). 
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Figure 5   Building damaged as a result of response of 
differing foundation systems (Source: [5]). 
 
Table 1 summarises the key types of damage that 
was observed along with the impact of that damage 
on the operational continuity: 
Table 1   Observed damage 

Damage  Impact of damage on 
Operations 

Settlement of pavements Port vehicles could not 
safely traverse the 
pavements 

Movement of seawalls 
and failure of retaining 
walls including tie backs 

Access to wharf 
structures was cut off or 
structures no longer 
functional 

Differential movement of 
pile supported wharf 
structures, damage to 
piles 

Wharf structures had a 
reduced level of service.  

Raker piles drove wharf 
structures upwards as 
the backlands moved 
seawards 

Differential settlement on 
wharf structures, crane 
operations temporarily 
stopped until crane legs 
could be put back onto 
rails and crane lifts 
affected until crane 
relevelled 

Damage to buildings on 
wharf structures and 
those that straddled 
seawalls and reclamation  

Buildings could not be 
occupied. Staff and 
resources had to be 
relocated. Impact on 
public ferry facilities. 

 
It became clear that operational continuity requires 
a holistic consideration to ensure the required level 
of service is achieved post-earthquake.  For 
example, whilst assets may achieve a required 
seismic structural performance, the operational 
continuity may still be affected if vehicle access is 
required to that asset and the access is blocked, or 
if services are required for operation of the asset 

(power, water, etc) and those have failed at one or 
multiple points in the reticulation to the asset.   
 
We learnt that business continuity required repair of 
many assets. This was a slow and 
incremental/sequential process. Emergency 
structural repairs and several rounds of temporary 
repairs were necessary. Temporary and permanent 
repair works were undertaken in an environment of 
aftershocks and needed to be managed around 
continuing operations whilst keeping damaged 
structures in use.  
 
2.1 Structural response of various asset 

types 
In this section the seismic response of various 
structures is discussed along with a commentary of 
how changes to the original design and construction 
would have improved the seismic performance. 
 
• Tie backs to wharf structures were effective in 

some instances, however tie backs were 
observed to fail in other structures due to the 
combined lateral and vertical movements of 
backlands, seawall and wharf structures.  
Design of tiebacks should be to ensure they are 
sufficiently far away from the seawall to not be 
affected by ground movements and that the tie-
back ‘system’ material and detailing has ductility 
and displacement capacity. 
 

• In some instances, wharves and/or seawalls had 
tie backs that were located under buildings due 
to the proximity of the building to the wharf 
structures.  Repair of the tiebacks caused 
consequential outages and damage to the 
adjacent buildings.  Since the tie-backs were 
likely to have been in place prior to the 
construction of the buildings, the lesson here is 
that the design and business case for the 
buildings to be constructed over tie-backs  
should consider the potential for damage to the 
buildings as a result of the need to access and 
repair the tie-backs. 

 
• Steel pile structures performed well. It is noted 

that damage at the pile heads is accessible for 
repair, however damage below seabed level is 
inaccessible. This observation in earthquakes 
around the world has shaped the development 
of ASCE 61:14[6] and the intended hierarchy of 
structural response i.e. the sequencing of 
damage in a pile head, first and then in the pile 
shaft at depth, with the deck capacity protected 
thus targeting post seismic event function of the 
structure for business continuity.  

 
• A structure with a large mass concrete seawall 

with a narrow wharf and long free-pile height 
performed adequately as the piles had inherent 
deformation capacity because they are long. In 
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this asset the use of the wharf following a 
significant earthquake event was dependent on 
the performance control of the lateral movement 
of the seawall. A potential retrofit / intervention 
approach being considered is to limit ground 
movement behind the seawall to ensure the 
structure can operate within its remaining 
deformation capacity, thereby providing 
resilience against a future event. If a new wharf 
was to be designed to replace this asset, the new 
design can provide large deformation capacity 
and resilience through structural form and 
detailing. However, in a comparison of retrofit 
and new build, the more cost-effective option to 
improve structural resilience in this case is to 
reduce the deformation demand on the existing 
wharf structure through ground improvement of 
the backlands and tie back of the wharf to the 
improved backlands. 

 
• Damage occurred to buildings where part of the 

building was founded on seawalls and the 
remainder of the building founded on the 
reclaimed backlands.  Movement of the seawalls 
and settlement of the backlands caused 
localised significant damage to the buildings.  
The damage could have been reduced had the 
buildings not been supported by the seawalls 
and were entirely constructed upon the 
backlands or fully piled. 

 
• Damage occurred to structures located on top of 

wharf structures as a result of earthquake 
actions being amplified by the wharf/structure 
response.  The amplification caused up to three 
times greater earthquake actions on the 
structure supported by the wharf, than what the 
structure would have experienced had it been 
located on ground.  One option to improve the 
seismic performance of structures located on 
wharfs is to separate the building period from the 
wharf period, i.e. as wharves typically have long 
periods, make the building which sits on top of 
the wharf stiff (short period). 

 
• Damage was observed to services, particularly 

where they ran perpendicular to wharves and 
where they crossed from the backlands onto 
wharf structures.  Where services needed to be 
reinstated and where new structures were 
constructed, we promoted investment where it is 
most effective: run services parallel to wharves 
and invest dollars in joint locations.   

 
To minimise damage and the time and cost to 
restore services post-earthquake, we 
recommend minimising the number of service 
runs perpendicular to wharves and seawalls.   
 

3. Impact of insurance on business 
continuity  

Catastrophe insurance cover is currently available 
in New Zealand at an acceptable cost. After two 
major port insurance claims, there is no guarantee 
that this will remain the case for New Zealand ports 
in the future. 
 
We have learned that the large port insurance claim 
process, which covers many differing assets, is a 
protracted process that lasts many years and has 
an impact on business continuity. The uncertainty of 
the insurance claim outcome and timing of that 
outcome means that it is difficult and challenging for 
ports to commit very large expenditure on 
reinstatement work before the claim is settled. 
Therefore, multiple rounds of temporary work may 
be required on some damaged assets to achieve 
operational business continuity.  
 
4. Resilience and business continuity 

planning 
A business continuity plan will consider the 
alignment of the most in demand business streams 
with the assets most likely to be available or readily 
repairable for use following an earthquake event. 
 
Based on our experience, the process must start 
with a focus on business continuity resilience, not 
asset resilience. The business continuity plan 
should consider the operational requirements to 
ensure the survival of the port business, with 
recognition that the post-earthquake event business 
activity and asset use, will likely be in contrast to the 
business as usual operation.  
 
Permanent reinstatement of damaged business 
assets will take many years, but the business 
continuity planning can consider interim measures 
that would be required for operational continuity.  
The planning may include such things as provision 
of temporary access to wharves, a temporary shift 
to more versatile container handling equipment, for 
example tugs, bomb carts and reach stackers, or 
temporary use of flexi-hoses for discharge of fuel 
when Marine loading arms are inoperable.  
 
It is difficult and challenging to carefully plan for 
these issues prior to the event, but there is 
considerable benefit in considering how the port will 
function in a post-earthquake environment.  
 
The observed damage at Lyttelton Port aligned well 
with earthquake damage predictions reported in 
2009 by Opus (now WSP) [7]. The timing of the 
2010/11 Canterbury Earthquake Sequence did not 
allow full implementation of identified damage 
mitigation measures. 
 
It demonstrated that there is benefit in undertaking 
business continuity planning to gain a holistic 
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understanding of the likely response of port assets 
to earthquake shaking and the vulnerability of 
critical services and infrastructure required for the 
continued operation of the assets.  
 
4.1 Improve critical asset resilience 
Resilience can be achieved by a combination of 
redundancy, response and robustness. It makes 
sense to firstly consider redundancy and response, 
as the associated costs will generally be small 
compared to achieving robustness.  
 
Redundancy is difficult to achieve in the small New 
Zealand ports where there is limited modern 
infrastructure and other assets which will likely be 
damaged to the same extent as the asset being 
considered. This differs from seismic areas such as 
California where there are multiple large ports, each 
with multiple terminals, many of which are bigger 
than an entire New Zealand port. 
 
Response can only achieve so much as it is very 
dependent on the level of damage (robustness) of 
the group of assets under consideration. However, 
it can consider: 

• Likely outage times,  
• A reduced level of service, 
• Change to cargo handling equipment or 

capacity, and 
• Such things as different routes on and off 

wharves.  
 

Improving the robustness of an asset means limiting 
damage such that the operational outage times are 
reduced and that effective repairs can be readily 
undertaken. 
 
4.2 Identification of likely damage and repair 

strategies 
The identification of likely damage is a first step 
towards better port business earthquake 
preparedness. The next step would be to evaluate 
the effectiveness of interventions to improve critical 
asset resilience. 
 
By analysis and inspection engineers can predict 
the likely damage, design mitigations, and identify 
the priority works for investment of constrained port 
funds to focus this investment on assets central to 
the port business continuity plan. One benefit of 
identifying the likely structural damage is that 
standardised repairs can be developed and 
required materials held in stock. 
 
Having pre-agreed supply agreements and a strong 
working relationship with port design consultants 
and constructors will ensure that the port as a client 
is prioritised in the aftermath of an event when 
demand for design and construction skills is at a 
regional, and perhaps national, high level. 
 

5. Implementing port wide resilience 
strategies 

Our recent consultancy services have included 
highlighting to port companies the value of focused 
maintenance and investment in at least one resilient 
asset for the post-event priority port business 
continuity. 
 
The port business continuity plan should consider 
the geographical context. The plan for repair and 
establishment of a post event operating mode 
should consider the effect of road and rail 
infrastructure outages for an extended period of 
time. Consequently, the design of port assets for a 
return to full service in a timeframe which is much 
shorter than the return to service of the supporting 
transport network is illogical.  To do so may cause 
unnecessary expense as designers seek to  design 
the structure to achieve full service in a short 
timeframe where a more cost effective solution may 
have been possible if the repair time was 
commensurate with the return to full service of the 
surrounding transport network. 
 
In contrast, where assets are vital to the business 
survival and the region and are required to be in 
service within a short timeframe following an event, 
there will be little tolerance for damage and 
therefore the structural and geotechnical design will 
aim for a robust structural form. 
 
6. The design approach to improve 

resilience of new and existing assets  
The drivers for engineering design for all future new 
assets and retrofit projects should be based on 
achieving business continuity not solely based on 
providing structural robustness, as has been the 
traditional approach by engineers.   
 
When designing structures, the key lesson is to 
understand that the number one reason for damage 
to port assets is due to the kinematic response of 
port infrastructure.  Inertial demands are often 
reduced in port environments as a result of the 
damping effects of non-engineered fill/reclamations.   
 
Therefore, the recommended design approach to 
improve resilience of existing assets and for the 
design of new assets is for the designer to focus on: 

a) Improve the displacement capacity of the 
structure, and/or 

b) Limit the displacement of the structure  
 
Advances in the understanding of the seismic 
performance of reclamations has therefore led to 
the adoption of performance-based design utilising 
a displacement-based design philosophy.  
 
Utilising displacement-based design principles with 
a business continuity and resilience lens allows 
consideration of timeframe for repair to return to 
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various levels of service or operating modes and 
consideration of the extent of allowable damage 
based on the timeframe for repair to the required 
level of service. 
 
Life safety continues to be a central focus in the 
design and assessment of building structures. 
However, in New Zealand design practice, asset 
owners and insurers are becoming more cognisant 
of the need for, and benefits of, design for 
serviceability and repair to enable return to service 
readily following earthquake events.  
 
The following discusses design standards and 
manuals for the design of port structures and 
comments on the operational continuity 
requirements and outcomes expected from use of 
those standards and applicability for use in New 
Zealand: 
 
- NZS 1170.5 (Earthquake loading code) [8].  This 

Standard guides the designer to assign 
earthquake force demand based on Importance 
Level. The force-based design philosophy 
requires collapse avoidance at a maximal 
considered event but does not explicitly promote 
design for displacement. The return period 
considered for a serviceability limit state event in 
all but an IL4 structure (categorised as a post-
disaster asset) is only 25 years. We note that 
Amendment 1, which is not yet cited by the New 
Zealand Building Code, recommends the use of 
(and advises Table 3.3 of NZS1170.0 will be 
updated in a future revision to reflect these) 
SLS2 return periods of 100 years for IL2 and 250 
years for IL3 structures to ensure that structures 
have sufficient functionality to enable the 
structure to be occupied. Without a focus on 
operational continuity, design to the minimum 
requirements of the New Zealand Building Code 
means that damage requiring extensive repair 
can result from a modest earthquake event.  
Importance Level 4 structures are required to be 
serviceable following a 500-year return period 
event within minutes or hours.  This is simply not 
necessary for port assets. For most port 
structures an IL4 SLS2 level of business 
continuity is not available at an acceptable cost. 
 

- The American Society of Civil Engineers (ASCE) 
61-14 [1] Seismic design of Piers and Wharves 
is specifically developed for port structures. It 
promotes a displacement-based design 
approach. Because of the inherent level of 
redundancy across terminals and ports in the 
US, it is considered that the design demands in 
terms of return period are not directly 
transferrable to the New Zealand context without 
consideration of the issues highlighted in this 
paper.    
 

- The NZTA Bridge Manual [9] is a displacement-
based design standard specifically developed for 
a roading network, not a port. Bridges servicing 
ports have an automatic designation as 
Importance Level 4 structures. The main focus 
of design in the bridge manual is the damage 
control limit state (DCLS). The requirement for 
bridge structures is that, following a DCLS event 
the bridge needs to be operational at a reduced 
level of service within a few days and be 
repairable to resist another DCLS event without 
collapse. These design requirements are likely 
more demanding than required and not 
economically feasible and set a timeframe for 
return to service that is not realistic for the 
majority of port assets. The bridge manual is 
supported by additional NZTA documentation 
and can be considered a useful national parallel 
reference for the port specific ASCE61-14. 

 
We propose that the adoption of ASCE61-14 holds 
great benefit for port structure designers in New 
Zealand. Designers should challenge the 
prescriptions of all codes, especially those 
developed for other jurisdictions. Modified return 
period applied to the three considered performance 
levels (OLE, CLE and DE) will ensure that the pier 
or wharf design is fit for purpose in the national 
context of New Zealand and also provides a means 
of achieving the level of robustness for port 
business continuity.  
 
7. Conclusions 
The damage sustained to New Zealand ports 
following recent major earthquake events caused 
significant business interruption but with careful 
consideration of the condition of structures and 
infrastructure, rapid temporary repairs were 
undertaken to enable business continuity at the 
ports.   
 
Resolution of the insurance claims took many years 
and for many assets this made it challenging for the 
ports to commit to large reinstatement expenditure 
prior to settlement of the insurance claim. 
 
The key learning is that port wide business 
continuity planning is essential to equip ports to 
make “best for business survival” decisions 
following major earthquake events.   
 
There are a number of simple pragmatic questions 
that port owners and their advisers can ask 
themselves that will facilitate big steps forward in 
terms of achieving business continuity resilience 
following a major seismic event. 
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We suggest the following questions are considered 
as a starting point: 
 
a) Do we really understand the seismic hazard we 

are currently facing, or is our knowledge 
outdated? 

b) Do we understand the likely level of overall 
damage at a high level, and hence how the 
various port trades and business could be 
affected? 

c) What are our obligations in terms of the Civil 
Defence Emergency Management Act and the 
region’s economic requirements including 
reconstruction and repair work following a major 
earthquake? 

d) If we cannot service the demands for all trades 
at the port, how should we prioritise our efforts? 

e) Which assets must be operational for the 
response phase immediately following an 
earthquake? 

f) Given the robustness of existing assets, which 
assets could we make serviceable at a reduced 
level of service, and possibly a reduced vessel 
demand (length, beam, draft, self-geared), within 
say 5-10 days of the earthquake? 

g) What changes to operations would be required 
following a seismic event in terms of process, 
plant and equipment, health and safety, 
personnel and environmental considerations? 

h) How do we keep selected assets operational 
while we work through the insurance process? 

i) Can we repair assets?  Which assets should we 
focus on, and which may we be forced to 
abandon in the short-term e.g., cruise berths are 
unlikely to be in demand because the region may 
not be able to support a tourist influx.  

j) How would we cope in the event that port 
throughput increases to service regional 
earthquake response and rebuild?  

 
Engineers can play an important role in assisting 
owners in answering these questions.  Engineers 
not only understand the structural response of 
structures, but they have the ability to advise 
owners on the wider holistic considerations of how 
access and services can affect the operational 
continuity required by the owners. 
 
The business continuity plan can be developed 
following consideration of these questions.  From 
this, owners can link the port development plan with 
the business continuity plan. It is considered that 
insurers ought to recognise the value of business 
continuity planning when assessing Business 
Interruption premiums, although not yet known to be 
the case. 
 
The business continuity plan should be the focus 
and key driver for new and retrofit engineering 
design projects, not structural robustness which has 
been the traditional focus of engineers in the past.  

This means design needs to consider not only 
repairability but also the time needed for the repair 
work and the ability to economically execute this 
repair while the structure remains operational. It will 
also consider whether demolition and rebuild of the 
asset is the most appropriate business solution 
when considered in the context of the business 
continuity plan and insurance cover.   
 
If ports focus on resilience based on the business 
continuity plan, they should be well set for their 
business to survive and support the regional 
response to future major earthquake events.   
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Abstract 
The Department of Transport and Main Roads (TMR) requires the detailed design and specification for an 
extension of the existing Mooloolaba eastern breakwater. The intention is that the breakwater will act as a 
sand trap to intercept the net longshore drift of sediments to maintain safe navigability of the harbour entrance. 
 
Kellogg Brown & Root Pty Ltd (KBR) has been commissioned by Department of Transport and Main Roads 
(TMR) to undertake services in relation to extending the Mooloolaba eastern breakwater, specifically the 
design and necessary approvals for the breakwater extension. 
 
As part of these services, KBR undertook several investigations into the constructability, material sourcing and 
alternate design investigation to support the design effort. 
 
Several key challenges were identified including the increase of the design footprint from existing, challenges 
with the availability of material, access constraints and sea level rise impacts. This paper will therefore describe 
the investigations into alternative materials including concrete armour units and geofabric containers to meet 
the unique challenges for the project. 
 
Keywords: Breakwater, coastal structures, sea level rise, marine construction 
 
1. Site Location and Description 
 
The eastern breakwater at Mooloolaba has been 
earmarked for development. The site is located in 
the heart of Mooloolaba on the Sunshine Coast, 
Queensland, approximately 50 km north of Brisbane 
(Shown in Figure 1).  
 
Department of Transport and Main Roads (TMR) 
requires the detailed design and specification for a 
60m extension of the existing 100m long 
Mooloolaba Eastern Breakwater.  
 
The intention is that the breakwater will act as a 
sand trap to intercept the net longshore drift of 
sediments to maintain safe navigability of the 
harbour entrance and reducing the frequency of 
dredging within the Mooloolah River entrance. 
 

The breakwater also serves as a significant feature 
for the community, with the breakwater site being 
connected to a network of walking trails (also known 
as the “Point Cartwright Loop”) around the Point 
Cartwright lighthouse, surrounding Beacon 
Lighthouse reserve and a small 100m long beach to 
the east.  
 
 
2. Background and Concept 
 
The original Mooloolaba breakwater design was 
undertaken in 1966 with only minor upgrades since, 
such as the upgrade of the navigation beacon in 
1987 the installation of a footpath at the crest and 
presumably some minor rock placement and 
concreting works as maintenance.  
  

Figure 1 Proposed Breakwater Extension 
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The upgrade works currently under consideration 
consist of a 60m extension to the existing eastern 
breakwater (Figure 1) which is proposed to provide 
increased protection from entrance channel siltation 
caused by longshore drift around Point Cartwright. 
 
2.1 Existing Breakwater 
The original cross-section of the breakwater 
consisted of a quarry run core, overlain with a 
double layer of primary armour stone of 4 to 5t 
(Department of Harbours and Marine, 1966). 
Approximately ¾ of the original breakwater length 
was founded on a continuous intertidal rock shelf to 
levels down to approximately -1.0 m AHD 
(Australian Height Datum). The roundhead 
extended beyond the shelf to depths of 
approximately -3.0 m AHD. The natural bathymetry 
deepens further offshore, albeit at a flat grade of 
1V:100H, with the bed levels being approximately -
4.5 to -6.0 m AHD (at the sand surface). 
 
From original Department of Harbours and Marine 
drawings (circa 1966), breakwater batters were 
initially constructed to a steepened 1V:1.25H slope, 
with the intension that, over time, the batter slopes 
would flatten to approximately 1V:2H with 
settlement (See Figure 3). It is unknown whether the 
steep batter slope was to accommodate end-tipping 
of the core and primary armour rather than 
construction via individual rock placement (given 
that the slopes were designed to approximately an 
angle of repose for the rock). 
 
2.2 Project Need 
Following construction of the eastern breakwater a 
small beach has accumulated on the Point 
Cartwright beach against the eastern breakwater, 
intercepting sand movement from around the point 

at Kawana Beach (in the south-east) to Mooloolaba 
Beach (to the west). 
 
Over time, this small beach has accumulated 
beyond the capacity of the eastern breakwater, with 
a continuous shoal now present in the Mooloolah 
River entrance, requiring frequent dredging to 
maintain navigation of the entrance to maintain safe 
navigational access. 
 
Due to local geological constraints (such as the 
presence of the rock flats) and persistent wave 
conditions on the eastern ‘ocean’ side of the 
breakwater, the sand must enter the navigational  
channel before it can be intercepted effectively by a 
dredge. Due to shallow depths (mainly due to the 
presence of these rock flats), combined with 
persistent breaking wave conditions on the eastern 
side of the breakwater, preventative dredging of the 
accumulations behind the breakwater is not 
possible.  
 
In order to remove material from the system, the 
sand must therefore first accumulate in the entrance 
channel to enable access for the dredge.  
 
The breakwater extension therefore aims to 
improve the Mooloolah River Entrance in several 
ways: 
1. Extend the time until dredging by increasing the 
trapping efficiency behind the breakwater (thus 
keeping the channel open and reducing the 
frequency of dredging) 
2. Shift the bypassing sand bar further offshore, into 
deeper water 
3. Enable safer access for a dredge behind the 
breakwater to facilitate preventative dredging 
 

Figure 2 Existing Breakwater Design Cross-Section (Harbours and Marine, 1966) 
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2.3 Initial Concept 
A significant body of work was prepared at the 
Concept Stage by WBM BMT [1]  as part of an initial 
options study to investigate the optimal breakwater 
length and alignment.  
 
The work also informed the appropriate design 
conditions including storm tide and wave 
combinations provided in Table 1. 
 
Table 1   Summary – Design wave and water level 
conditions at the toe of the structure (BMT 2019 [2]) 

Parameter Value 
Design life 50 years 
Design event 200-year ARI 

Hs 3.54 m 

Tp 12.7 s 

Independent tide + 
surge level 

1.54 m AHD 

Sea Level Rise 50 years = 0.3 m (to 2070) 

Total design water 
level 

1.84 m AHD 

Permitted damage 5% 

 
3. Key Challenge 1: Increased rock size 
 
Present desktop methods indicate a significant 
increase in rock size is required for the extension 
works compared with the existing breakwater. 
Based on these calculations, double layer 9 t 
primary armour (M50) was calculated: a substantial 
increase from the original 4 – 5 t design (from 1966). 
 
This increased rock size requirement is due to: 
• advances in design codes and standards since 

the previous design, particularly around the 
definition of probabilistic design events 

• inclusion of projected sea level rise in design 
water levels and wave conditions 

• extension of the breakwater into deeper water 
increasing exposure to a larger wave climate 
compared with inshore depth-limited conditions. 

• Observable damages, possibly to undersized 
armour or steepened slopes 

 
The design also considered an increase in the crest 
by up to 2 metres higher than the exiting crest level 
to account for the increased overtopping anticipated 
for the structure design life in line with current 
overtopping guidance. This was not conducive to 
the existing amenity of the breakwater. 
 
Since its construction in 1966, the breakwater 
functionality has also changed substantially. While 
originally intended to be simply training walls for the 
river mouth entrance, the area is now a local 

feature, with the more recent addition of a 
pedestrian footpath now included at the crest of the 
structure. This added functionality, and the 
requirement to now preserve the public amenity of 
the breakwater introduced further pressures to 
increase the crest level to attain ‘acceptable’ 
pedestrian safety in minor overtopping events (such 
as a 1-year ARI storm event) or otherwise 
implement other measures to mitigate hazards. 
 
4. Key Challenge 2: Existing Condition  
 
An inspection of the breakwater identified a variety 
of rock types on the batter slopes, including some 
sandstone in amongst the granite/hard rock armour. 
Where sandstone was observed it showed 
significant weathering and deterioration, and sizes 
of 1.0 metre (diameter) or less.  
 
Evidence of repair works was assumed based on 
observation of the variety of rock types along the 
breakwater and the injection of concrete between 
some primary armour rocks in places. 
 
Several sections were also considered to be ‘over-
steepened’ with very steep batters evident however 
it may be, in part, due to the steep initial design 
slope (at construction) and an over-estimation of the 
subsequent batter flattening due to settlement at the 
time. Given the hard rock shelf foundation, it is likely 
very little settlement would have occurred. 
 
The varied rock sizing, varied rock types and quality 
and the steepened slopes present several 
challenges to the design of an extension, namely:  

- Vulnerabilities at the tie in between the 
existing and new breakwater sections 

- Inconsistent (and potentially incompatible) 
material transitioning between the existing 
and new sections 

- Significantly increased footprint compared 
to the existing to accommodate flatter batter 
slopes and wider footprint. 

 
 
5. Key Challenge 3: Material Sourcing 
 

The increased rock size calculated presented 
some of the greatest challenges for the project. 
Sourcing of large armour rock is increasingly 
difficult. Large rock armour is a specialist 
product, with low demand locally. Due to strict 
grading and quality constraints it also attracts a 
high proportion of wastage compared with 
more conventional rock products (such as 
gravels and small rock rip rap for road and 
drainage constructions), meaning quarries are 
unable to maximise their material usage 
compared with other products. 
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During the initial stages of the breakwater 
extension design, rock sourcing investigations 
were unable to identify any local quarries able 
to supply the required sizes and specifications 
of primary armourstone in sufficient quantities, 
in the Mooloolaba / Maroochydore region. 
Maximum armourstone sizes were typically 
quoted around 5 – 6 t with uncertainties around 
the quantity that could be extracted. 
 

5.1 Local Quarry Source 
The existing breakwater armour was assumed 
to be sourced from a nearby quarry site.The 
site was owned by TMR. Naturally, this rock 
source was the first source considered in 
upgrading the breakwater as it is (1) locally 
available and (2) consistent with the existing, 
thereby being compatible at the transition, as 
well as offering a consistent visual amenity. 
 
A site inspection was undertaken, confirming 
the source of rock, possible rock sizes and 
roughly quantifying the availability of 
appropriate volumes of material however the 
source was deemed to be unsuitable due to 
several reasons: 
 
1. From rudimentary measurements rock 

looked to be in the order of 4 t which was 
inconsistent with the requirements for the 
upgrade 

2. Material quality was questionable. Rock 
appeared to have some sedimentary 
characteristics and was visually consistent 
with some of the fractured and weathered 
rock observed on the existing breakwater 

3. Due to changes in nearby land use and 
urbanisation around the site, winning 
additional material was not possible 

4. Due to the sizes of the armourstone, 
considerable establishment and effort 
would be required to reduce the rock down 
to core material. There are several sources 
of good quality materials located nearby 
that could supply (already established and 
therefore more cost effective). 

 
5.2 Other Quarry Sources 

Sourcing armour stone from more distant 
sources was investigated separately by TMR. 
Potential primary armour rock sources at Mt 
Petrie were identified (Rocksberg greenstone), 
near Brisbane, however it was found that 
supply of the primary armour rock had 
substantial lead times (8 to 12 months 
minimum), plus sourcing from this location was 
considered to increase capital expenses due to 
additional transport costs, particularly 
associated with the specific transport 
requirements for movement of such heavy 
loads. 

 
Even if adequate size, quality and volume of 
stone was available, transporting the armour 
via the road network from Mt Petrie is not a 
good solution because of the potential damage 
to existing road infrastructure and the relatively 
long haul from Mt Petrie to Mooloolaba (in the 
order of 50km each way). 
 

5.3 Physical Modelling 
Physical modelling was undertaken to evaluate 
the performance of smaller and easier 
available rock to assist in rock sourcing and 
also be of a more manageable size for 
transport.  
 
The physical model testing program was 
designed to assess the overall stability of the 
structure under wave attack with a particular 
focus on the round head armour stability due to 
the predominant oblique wave conditions.  
  
The testing program was completed at the 
Queensland Government Hydraulics 
Laboratory (QGHL) and was completed in their 
5 metre wide wave flume at a prototype-to-
model length scale ration of 1:41.  
 
The physical model tested a 6 t primary armour 
rock which was equivalent to likely available 
rock sizes in the south-east Queensland 
region. 
 
Physical model construction is shown in Figure 
4.  

 
Figure 4 Physical Model Layering – QGHL (2019) (Red 
indicates core, yellow secondary layer and natural stone 
as the overlay) 
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This initial testing found that the primary rock 
armour sizing could not be reduced to the 
available 6 t (M50), because higher than 
acceptable damage will occur if the rock size is 
reduced. 
 
Displaced rock was observed on the 
breakwater round-head, as well as substantial 
overtopping damages, displacing rock material 
on the lee side, with particular vulnerabilities 
near to the transition (where crest levels are 
lowest) to tie into the existing breakwater 
elevations. The ‘before’ and ‘after’ observed 
damages can be seen in Figure 5. 
 

5.4 Concrete Armour Units 
As an alternative to armour stone, 
prefabricated concrete armour units were 
considered. Typically, these materials can be 
cost effective where suitable quality rock of the 
required size and quality is unavailable, or 
where quarry lead times may exceed the 
project requirement. 
 
This appears to be the situation at Mooloolaba. 
 
Five concrete armour units were assessed to 
provide TMR with several options to consider 
and select from. The units investigated were: 
Xbloc, Tetrapod, Coreloc and Hanbar. This 
selection was intended to provide a broad 
cross-section of available units, considering 
both double and single-layered systems, 
licensed and royalty-free options, and varied 
geometric complexities which could be refined 
further as needed. 
 
Design refinements for the concrete armour 
unit solution are on-going, however Hanbar 

units are presently considered the preferred 
solution on the basis that: 

- Simplicity in it’s shape and casting which is 
considered more compatible with local 
contractor capabilities 

- Proven track record of use locally on similar 
scale projects (such as the use along the 
NSW coast) compared with other units 
which are typically utilised on significant / 
large-scale projects 

 
6. Key Challenge 4: Access and Land Use 
 
Road access during the original construction of the 
breakwaters in the mid-1960s was largely free of 
development. The transport corridor from Buddina 
to Mooloolaba is now an urbanised area including 
high-rise apartments/motels on Pacific Boulevard. 
This has significantly limited access to the site, as 
well as increased the potential level of disturbance 
to the community, with the area being a highly 
popular tourist destination in addition to the mid- 
and high-density residential areas. 
 
6.1 Construction Options 
 
Potential access paths to the breakwater are 
provided by two pedestrian footpaths that connect  
Buddina Beach to Point Cartwright. These existing 
paths are not designed for heavy vehicle loading 
and temporary works would be required to ensure 
damage is minimised by loaded trucks. 
 
The existing paths are also considerably narrow. It 
is envisaged that tree clearing would be required 
over the length of the route to provide vehicle 
accessibility. 
 
Based on a review of the existing available 
information pertaining to the site, in combination 
with an inspection of the site, several potential 

Figure 5 Damage assessment 
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construction methodologies for the breakwater 
extension were reviewed: 
 
Option 1 – Land-based construction via existing 
Mooloolah River track 
Option 2 – Land-based construction via Point 
Cartwright Beach 
Option 3 – Marine-based construction via 
Mooloolah River 
Option 4 – Land-based construction via 
construction of a temporary MOF and marine-based 
access. 
Option 5 – Combined option (land-based core 
construction with marine-based armour 
construction). 
 
With consideration for the logistics and practicalities 
of the above construction options it was identified 
that: 
• Land-based access is restricted. Road 
access would be via high density residential areas 
in Buddina and the heavy vehicle trip frequency, as 
well as increased noise, dust, and narrow approach 
path to the breakwater requiring vegetation removal 
and fence installation would trigger broad 
community consultation. Only small areas are 
available for stockpiling rock adjacent to the 
breakwater site.  
• Land-based access has the advantage that 
it follows the route used to originally construct the 
existing breakwater and its flat grade is suitable for 
trucks with large loads. This option would appear to 
provide a shorter construction schedule and may 
attract a wider availability of contractors suitable to 
conduct the work. 
• Mooloolaba-based water access is limited 
by vessel draft to downstream of Minyama Island. 
Material delivered locally to site would require 
unloading at an available boat ramp or wharf site. 
The viability of potential boat ramp sites was 
uncertain due to the boat ramp load capacity (most 
local boat ramps were designed for recreational 
boating use only), plus requirements for laydown 
areas, barge and tug accessibility, haulage truck 
accessibility, and impacts to stakeholders and the 
community. Water-based material delivery, utilising 
a local source of material was therefore impractical. 
It is therefore likely water-based access may be via 
Brisbane (such as via the Port). 
 
Based on this assessment of options, and 
considering the large number of truck movements 
required to deliver material to the site (thousands of 
truck movements anticipated), a combination of 
delivering materials to site via waterborne 
equipment (likely from Brisbane), and utilising land-
based construction activities is presently the 
preferred construction option and draws upon some 
of the construction advantages of the land-based 
construction method, but reduces some of the truck 
movement predicted through the high-density and 

tourist areas along the existing road network to the 
breakwater site. 
 
6.2 Geobag Core Option 
 
A geofabric bag (Geobag) option was presented by 
TMR in an effort to utilise the existing materials on-
site as part of the construction. A substantial volume 
of clean beach sand material has accumulated 
around the existing breakwater head, with some 
material already earmarked for removal to minimise 
settlement. Consideration was made with regard to 
its use of this sand as a core fill product.  
 
Due to the constraints of the site (in particular the 
wave climate and locality of the site in an active 
beach zone), the use of sand as a conventional core 
was not recommended. Due to the large size of the 
primary rock armour, several different filter layers 
would be needed to satisfy filter criteria and prevent 
washout of core material. Additionally, the 
placement and fixing of geotextile fabric as an 
alternative was considered difficult and presented 
safety concerns.  
 
Instead, the use of a series of geofabric bags was 
considered in consultation with Geofabrics Australia 
who facilitated discussions with the geobag 
supplier. A concept was presented whereby the 
geofabric bags would be filled on site using the 
existing beach sand material, and then individually 
placed from the landside, using the same technique 
and equipment as the primary armour placement. 
 
The use of the sand material on site was estimated 
to minimise some 3,000 truck movements required 
to deliver the same volume of offsite material to site. 
 
While the option presented several key benefits, the 
option was somewhat limited for this application as 
the timing for filling operations differed from the 
timing of the dredging and the site had limited space 
available to facilitate the stockpiling of the full 
quantity of core material at once. Lead times also 
conflicted with likely availability for marine-based 
work, with the winter months being the optimal time 
for operations. The option was therefore not 
considered further for this application.  
 
7. Design Outcomes 
 
Overall, the project has sought to provide a 
constructable solution for the extension to the 
Mooloolaba eastern breakwater.  
 
Initial assumptions on the design and sourcing of 
material were found to be inappropriate for the 
specific conditions of the site given the complexity 
of several elements including the latest 
developments in standard design requirements, 

865



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Mooloolaba breakwater: How site constraints have shaped the design  
Kyra Stemm; Charles-Dean Sorbello 
 
climate change considerations and the urbanisation 
of coastal areas.  
 
All of these issues have compounded with the 
passage of time and are likely to become 
increasingly challenging for similar projects due to 
the aging (and redevelopment) of existing coastal 
assets and for newly designed assets to meet the 
changing climate, and latest design criteria.  
 
In consideration of all the key challenges faced for 
the project, the current solution for the Mooloolaba 
eastern breakwater extension has been modified 
and adapted over the course of several 
investigations, with the final solution anticipated to 
be comprising the following: 

- Double-layered concrete armour units as 
the primary armour solution 

- Upgrades to the existing breakwater and 
extended transition zone 

- Design geometry in accordance with best 
practice (such as flat batters and formalised 
toe design) 

- Construction technique utilising a 
combination of marine-based and land-
based construction, minimising disturbance 
to urbanised and tourist areas 

- Optimisation of a crest level and armour 
sizing through further physical testing 

 
While this option provides a sound engineering 
solution and addresses the key elements of 
breakwater design, in adopting this latest 
configuration, there remain several further 
considerations including: review the amenity and 
acceptance of a concrete armour alternative which 
may result in further refinements to the design. 
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Abstract 
Sea-level rise poses a particularly challenging problem for public policy. It is a chronic ongoing change that 
will affect many communities in low-lying coastal situations. Infrastructure operators are required to service 
(e.g., three-waters) these communities but face difficult choices around how to adapt infrastructure to meet 
service requirements while minimising costs. Quantitative methods are required to identify sequences of 
adaptive actions, known as pathways, which will be robust in achieving objectives under a range of deeply 
uncertain futures resulting from population change, climate change and sea-level rise. We are applying Robust 
Decision Making (RDM) models to identify future adaptation tipping points (when existing behaviours will no 
longer meet objectives), the combination of factors that drive those tipping points and so will trigger pathway 
changes, and what therefore to monitor to trigger pathway change. We are applying RDM models within a 
Dynamic Adaptive Policy Pathways (DAPP) process for the future adaptation of a wastewater treatment plant 
(WTP) built on a low-elevation coastal flood plain, near present-day mean sea level, and vulnerable to multiple 
hazards including flooding, groundwater incursion and SLR. We describe outcomes from a workshop designed 
as a decision framing exercise in which stakeholders define the key factors to inform the RDM analysis. The 
workshop helped develop a systems model of the WTP that will form the basis for future RDM modelling to 
take place. The workshop highlighted that successful adaptation would require multiple organisations to act 
together. In this regard the RDM outputs will create a strong evidential basis for the WTP operator to open 
discussions with the regulator around the long-term viability of future land-use decisions. 
 
Keywords: sea-level rise, robust decision making, dynamic adaptive pathways planning, adaptation, decision-
making under deep uncertainty 
 
1. Introduction 
Rising sea level is causing more frequent flooding 
along many coasts globally [1, 2], and in future will 
greatly increase the frequency and consequences 
of flooding [1, 3, 4], and cause saltwater intrusion 
into groundwater and rivers, geomorphological 
adjustment of the coastline, rising groundwater 
levels and vegetation change [5]. Expected sea-
level rise (SLR) of 0.5–2.0 m could displace 72–187 
million people globally [6]. Exposed communities 
must adapt to avoid these consequences, but 
planning is complicated by deep uncertainty in the 
height and timing of SLR [7-9], and how SLR will 
interact with multiple hazards and to impact on 
communities and their infrastructure.  
 
This paper describes research underway in New 
Zealand to address the emerging impact of 
compounding flood hazards on water-related 
infrastructure due to climate change. Presently, we 
can’t robustly evaluate the most promising climate-
change adaptation actions under conditions of 
uncertainty, such as which sequencing of 
infrastructure upgrades would be most robust to 
future uncertainty, and which sequencing would 
likely fail. This is especially difficult when multiple 
hazards interact with adaptation actions through 
time, compounding impact and risk. Therefore, we 

are applying Robust Decision Making (RDM) tools 
within a Dynamic Adaptive Policy Pathways (DAPP) 
process to develop adaptation plans that are robust 
under a range of conditions 
 
2. The implications of rising sea levels 
2.1 Policies and guidance influencing 

adaptation to sea-level rise  
SLR poses a particularly challenging problem for 
public policy. It is a chronic ongoing change that will 
affect many communities in low-lying coastal 
situations. The rate and magnitude of SLR are 
deeply uncertain towards the latter part of this 
century and beyond [10], highlighting the need for 
adaptive management frameworks [11]. 
 
Governments at national and local levels have 
varying mandates to ‘do no harm’ and some have 
embedded consideration of climate change impacts 
into their regulatory frameworks and adaptation 
plans, for example, the United Kingdom, 
Netherlands, Canada and New Zealand. 
Nevertheless, sea-level rise challenges those 
frameworks and the public policy tools and 
implementation methods which are currently used, 
such as fixed coastal hazard lines, fixed review 
timeframes, and cost benefit analysis [11].This is 
because SLR will not stop. Any adaptation strategy 
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must remove lock-in of people and assets and be 
cognisant of future levels of risk (some of which, like 
SLR, will go on for centuries), or transition 
communities away from areas at risk [11]. This 
suggests that public policy tools need to be able to 
deal with widening uncertainty bounds to 
accommodate ongoing change, compounded by 
deep uncertainty in upper-range SLR if the polar ice 
sheets become unstable [10]. 
 
The New Zealand Coastal Policy Statement [12] 
(the NZCPS) is the only national statutory directive 
for decision makers and includes direction for 
climate change adaptation at the coast for SLR, 
storm surge and associated wave height, with a 
planning horizon of at least a 100 years. This 
necessitates that some estimate of the rate and 
impact of SLR be made over at least the next 100 
years. Associated non-statutory national guidance 
includes the NZ coastal hazards and climate 
change guidance [13] and implementation guidance 
for the NZCPS. Plans developed by regional and 
district councils must give effect to the NZCPS 
objectives and policies [11]. 
 
National coastal guidance (Guidance) [13] on 
coastal hazards including SLR provides nationally 
consistent processes and benchmarks to help local 
government manage uncertainty and changing risk 
profiles when exercising statutory functions. The 
2017 Guidance promotes the use of the DAPP 
approach, as explained in Section 2.2.  

2.2 Dynamic adaptive pathways planning 
Adaptation can include avoidance, accommodation, 
protection and more transformative actions such as 
managed retreat [5]. Methods for planning under 
conditions of uncertainty are being used 
increasingly, separately or together, for problems 
like SLR [14]. Adaptation pathways planning has 
emerged as a way to frame future adaptation 
decisions [11, 15-20]. It is based on the principle 
that adaptation cannot be solved through a single 
action in the context of deep uncertainty, but is 
rather a process to be managed over time as 
conditions change [15]. DAPP [11, 17], is emerging 
as a ‘fit-for-purpose’ method for climate-change 
adaptation planning to address widening future 
uncertainty and long planning timeframes [17, 19, 
21], and was adopted in NZ Guidance [13].  
 
The DAPP process enables a series of interlinked 
pathways to be developed, where “signals” of 
change are needed to alert the decision maker of a 
pending “trigger” (point when a decision should be 
made) to switch pathways (Figure 1) [17, 18, 22, 
23]. The trigger must provide sufficient lead time to 
adapt before the “adaptation threshold” (also known 
as an adaptation tipping point) is reached [19]. 
Initiating change to another pathway may be 
delayed if slower than anticipated SLR occurs, or an 
earlier change may be implemented if SLR is more 
rapid than expected – emphasizing the crucial role 
of monitoring and reviewing triggers [17, 19, 24]. 

 
Figure 1. Key concepts for adaptive actions to SLR. a, Probabilistic SLR projections for RCP2.6, RCP4.5 and RCP8.5 
scenarios from Kopp et al. (2014) showing median projection (line) and 95% confidence intervals (shaded), along with a 
schematic illustrating adaptation threshold, trigger (decision point) and early signal in relation to SLR and pathway 
performance. b, Illustrated dynamic adaptive policy pathways example where pathway A shows a seawall whereas 
pathway B shows managed retreat (adapted from [4]). 
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2.3 Implementation gaps and the research 

challenge 
The ‘Living at the Edge’ project [25] enabled lessons 
to be learned from community decision processes 
using the Coastal Hazards and Climate Change 
Guidance [13]. The ‘Climate Change and 
Stormwater and Wastewater Systems’ project 
highlighted the extensive value of stormwater and 
wastewater assets in NZ that was not designed for 
the challenges climate change will bring, and that 
adaptation is likely to require significant and 
expensive change to our stormwater and 
wastewater networks [26].  
 
The present research builds on the Supporting 
Decision Making in a Changing Climate: Tools and 
measures project [27], which used workshops to 
examine how to design signals and triggers in 
coastal and river flooding settings for using DAPP 
for addressing uncertainties and change when 
making decisions that can set up costly path-
dependencies through lock-in of land use activities 
and assets that support them. The present research 
extends on that work by providing numerical tools to 
help identify what to monitor to know when to switch 
from incremental to transformational adaptation.  
 
Presently, we can’t robustly evaluate the most 
promising climate-change adaptation actions under 
conditions of uncertainty, such as which sequencing 
of infrastructure upgrades would be most robust to 
future uncertainty, and which sequencing would 
likely fail. This is especially difficult when multiple 
hazards interact with adaptation actions through 
time, compounding impact and risk. The scenario 
discovery phase of RDM provides a quantitative 
mechanism for achieving this (Section 3).  
 
The research will develop capability to apply RDM 
tools within a DAPP process. This will help to 
identify critical tipping points in life of infrastructure 
(also community vulnerability), driven by either 
slow-onset or extremes—the tools integrate the 
significant adaptation options with the compound-
hazard drivers. The tools show which sequencing of 
infrastructure upgrades would be most robust to 
future uncertainty, and which sequencing would 
likely fail. They will help to evaluate the most 
promising planning/policy pathways/actions under 
conditions of uncertainty where climate change 
effects compound with hazard events, land use, and 
can account for interdependencies and sequencing 
of adaptation actions.  
 
3. Robust decision making 
The idea of Robust Decision Making (RDM) is to 
stress test candidate strategies (e.g. for adapting a 
system to SLR) over a large ensemble of scenarios. 
These scenarios can include different 
environmental forcings like SLR, or demographic 

scenarios such as population growth stress on 
infrastructure. The idea is to identify strategies that 
do and don’t meet objectives and what they have in 
common. Then tweak the strategies until one or 
more strategies are identified that perform well over 
the entire ensemble of scenarios. Once you have 
that you can also look specifically at trade-offs, with 
respect to the objectives of variety of stakeholders. 
Strategies in RDM are like pathways in DAPP 
(Figure 1).  
 
One of the major challenges for applying DAPP is 
the identification of adaptation tipping-point 
thresholds and identifying triggers for when to 
change pathway. RDM does that using Exploratory 
Modelling within the scenario discovery phase 
(Figure 3). Analytically, this allows triggers to be 
identified by finding the subspace and uncertainty 
space under which failure to meet the policy 
objectives occurs.  
 

 
Figure 2. Steps in Robust Decision Making analysis [28].  

 
RDM explicitly follows a learning process called 
“deliberation with analysis” in which parties to a 
decision deliberate on their objectives and options; 
analysts generate decision-relevant information 
using system models; and the parties to the 
decision revisit their objectives, options, and 
problem framing influenced by this quantitative 
information [28].  
 
Step 1: As shown in Figure 3, the RDM process 
starts with a decision framing exercise in which 
stakeholders define the key factors in the analysis: 
the decisionmakers’ objectives and criteria; the 
alternative actions they can take to pursue those 
objectives; the uncertainties that may affect the 
connection between actions and consequences; 
and the relationships, often represented in 
computer simulation models, between actions, 
uncertainties, and objectives [28]. Our decision-
framing process is described in Section 4.  
 
Step 2: As an “agree-on-decision” approach, RDM 
next uses simulation models to evaluate proposed 
strategies in each of many plausible paths into the 
future, which generate a large database of 
simulation model results [28].  
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Step 3: Analysts and decisionmakers next use 
visualization and data analytics on these databases 
to explore for and characterize vulnerabilities. 
Commonly, RDM analyses use statistical Scenario 
Discovery (SD) algorithms (see below) to identify 
and display for users the key factors that best 
distinguish futures in which proposed strategies 
meet or miss their goals [28]. 
 
Step 4: The scenarios are used to display and 
evaluate the tradeoffs among strategies. For 
instance, one can plot the performance of one or 
more strategies as a function of the likelihood of the 
policy-relevant scenarios to suggest the judgments 
about the future implied by choosing one strategy 
over another. Multi-objective tradeoff curves for 
each of the policy-relevant scenarios can help 
decisionmakers decide how to best balance among 
their competing objectives [28]. 
 
Step 5: The scenarios and tradeoff analyses can 
then be used to identify and evaluate potentially 
more robust strategies—ones that provide better 
tradeoffs than the existing alternatives [28].  
 
4. The case study  
Our first case study for testing the RDM/DAPP 
process is a New Zealand wastewater treatment 
plant (WTP) built on a low-elevation coastal flood 
plain, near present-day mean sea level (Figure 4). 
The WTP discharges into the adjacent river on the 
outgoing tide to carry the treated wastewater 
downstream to disperse within the harbour and 
avoid the town located upstream.  

 
Figure 3. Conceptual model of a real wastewater 
treatment plant located in a coastal floodplain and 
discharging into a tidally- river. 

A workshop including the research team, the WTP 
operator, and other interested stakeholders was 
held in March 2021, as a decision framing exercise 
for Step 1 of the RDM process.  
 
The WTP represents a significant long-term 
planning challenge. It services a low-lying township 
with significant future population growth projected in 
an area vulnerable to multiple hazards. The 
infrastructure operator has responsibility to provide 
3-waters services for that community. How to do 

that? How to minimise sunk investment? For an 
integrated solution, adaptation on wastewater side 
needs to inform water supply side, e.g., if 
wastewater reuse is to be a way of augmenting 
water supply in the future. The initial part of the 
research focuses on the WTP and addresses the 
question of “how long the existing WTP can operate 
in its current configuration”?  
 
The WTP faces several environmental challenges 
from multiple hazards (Figure 4). Heavy rainfall 
events greatly increase water levels in the treatment 
ponds and have filled them to near capacity on 
occasions. A significant component is stormwater 
leakage into the treatment plant inflow. The highest 
tides already reach near to the top of the river and 
WTP pond embankments and there is a strong tidal 
signal in the groundwater. SLR will therefore 
increase both the tidal and groundwater levels and 
increasingly stress the operational viability of the 
WTP.  
 
As part of an initial DAPP framing the WTP operator 
has identified several possible adaptive actions and 
framed these within a DAPP pathways map (Figure 
5). The current “pathway” is minor pond upgrades, 
desludging, inflow and infiltration (I&I) reduction.  
 
An incremental adjustment option is to upgrade the 
plant to remain functional for at least 20 years and 
then to relocate as climate triggers hit. This requires 
to decide what the triggers for upgrades are and 
what to monitor to trigger the upgrades. A key 
question is at what point do incremental 
adjustments become too expensive? Other 
identified options are quite substantial:  

• Relocate/new plant at new site but 
discharge into river from same site.  

• Relocate/new plant at new site. Advanced 
reuse plant for water source augmentation.  

• Decommission existing WTP and construct 
pump station and conveyance to metro 
WTP.  

 
The blue and red lines in Figure 5 show the most 
extreme pathway options. Do we do as in the blue 
curve and incrementally adapt, but then we need to 
understand the adaptation tipping point thresholds, 
triggers, and monitoring arrangements? The blue 
pathway flattens the investment curve. It represents 
a pathway that avoids making a big decision straight 
away and leaves the option open for a wastewater 
reuse water solution to augment future water 
supply.  
 
Or, at the other extreme, should we decommission 
the treatment plant and centralise the service 
following the red pathway, which means we’re 
locked into that and can’t go back to a water-reuse 
solution? This may also force decisions around 
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water-supply to do the same if it was considered 
more efficient to build two pipes at once.  
 
These are just two opposite extremes of the 
pathway, and it is possible to navigate between 
each. 
 
It is common to think of tipping-points as being 
caused by a single driver but there are interaction 
effects between drivers (Figure 4), which are difficult 

to capture in pathway maps (Figure 5). RDM 
includes modelling techniques to capture these 
interaction effects and understand how triggers are 
a function of a couple of drivers depending on how 
they move in combination, which can result in the 
need for the next step on the pathway.  
 

•   

 
 

 
Figure 4. A DAPP pathway diagram for the WTP. The blue-dashed line shows an incremental adaptation 
pathway. The red-dashed line shows a transformative pathway.  
 
5. Summary 
A systems model of the WTP was generated using 
learnings from the workshop (Figure 6), which 
represents the research team’s conceptual 
understanding of the system to be modelled. This 
forms the basis for RDM modelling to take place. In 
Figure 6 the red arrows represent relationships 
linked to possible adaptation tipping point 
thresholds under our current thinking. However, the 
Exploratory Modelling undertaken as part of the 
RDM will highlight the pathways (Figure 5) that are 
and are not robust to future climate and population-
driven influent scenarios, the associated tipping 
points and the drivers that trigger those tipping 
points. This in turn will inform the potential timing of 
pathway changes and what to monitor to trigger 
those changes.  
 
Several learnings arose from the initial workshop, 
over and above the decision framing exercise for 
the RDM process. These learnings included: 
 

• Practitioners found it useful to understand 
the complexities of the adaptation process 
and the importance of sequencing of 
actions to avoid lock-in and path 
dependency. The workshop helped show 
the multiple interacting factors and that 

successful adaptation requires careful 
planning rather than reactive action.  

• Exploring potential future behaviours 
through discussion, as well as the process 
was found to be useful. The workshop 
facilitated ‘learning by doing’, and 
increased practitioner familiarity with a new 
perspective and way of thinking. This is 
particularly true for engineers who may be 
used  to thinking in ‘complicated realms’ 
but not in terms of ‘deep uncertainty’ or 
‘wicked problems’ [28].  

• The workshop highlighted political 
tensions between the WTP operator (with 
a mandate to provide three-waters 
infrastructure for existing communities) 
and the regulator (who sets land use policy 
for the communities requiring 
infrastructure services). If infrastructure 
servicing costs will be untenable in future 
then that should feed back into the 
regulator decisions. The current regulatory 
system does not facilitate that process.  

• The workshop highlighted that adaptation 
is difficult structurally, across organisations 
but also internally. For example, different 
departments within the host organisation 
have different roles but will need to act 
together to address ‘wicked’ infrastructure 
adaptation problems. Further, different 
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organisations have different 
responsibilities, but successful adaptation 
will require multiple organisations to act in 
unison. In this regard the RDM outputs will 
create a strong evidential basis for the 
WTP operator to open discussions with the 

regulator around the long-term viability of 
future land-use decisions. This highlights 
the strong relationship between 
infrastructure and land use decisions.  

 

 
Figure 5. Systems model of the wastewater treatment plant (Figure 4).  
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Abstract 
Although there are many ways to measure ‘depth’, this paper focuses on the use of pressure-based loggers 
to determine water level measurements for sea level monitoring, tidal averaging, and wave measurements. 
The paper discusses using pressure-based loggers for monitoring oceanographic moorings for ‘knock down’, 
and their use on profiling platforms and autonomous vehicles. 

Although other equipment manufacturers are also included in the analysis of different methodologies, the paper 
uses the RBR range of pressure loggers to demonstrate the difference between piezo-resistive based and 
Digiquartz® based instrumentation in terms of accuracy, resolution, data quantity, endurance, and cost.  

The ‘pros and cons’ of the different methods of water level determination are considered, and a discussion on 
the difference between accuracy and resolution, understanding drift and the importance of calibration. This will 
also include factors affecting accuracy and methods to get the highest accuracy out of your instrument. 
Processing of water level data is detailed, including determining tide and/or wave parameters from the raw 
data, and how to remove the atmospheric pressure component from the pressure signal recorded at the 
sensor. Examples of different deployment programs using pressure-based loggers will be given, along with 
deployment methodologies. 

Finally, the paper looks at some recent developments including the integration of bottom based pressure 
sensors into a ‘Smart Mooring’ to allow real-time data transmission to shore, and comparison between that 
data and the data recorded at the surface buoy.  

Keywords: water level, tide gauges, wave measurements, instrumentation. 
 
1. Introduction 
Water level is easy to describe, it is the elevation of 
the free surface of a sea, stream, lake or reservoir, 
relative to a specified vertical datum. However there 
are many ways to measure it, depending on many 
factors like cost, location, required accuracy, etc.  
 
Use of satellite radar altimeters to measure sea 
surface height has changed significantly since the 
brief Seasat mission of 1978, where accuracy was 
quoted in the tens of metres, to the higher accuracy 
satellites such as TOPEX/Poseidon (launched in 
1992 and gave the first truly high quality 
oceanographic altimetry) and Jason-2 where 
accuracies of a few cm is achievable over a large 
area[3]. Although a large quantity of high-quality 
data is possible, it is only achievable when the 
location is within the satellite’s footprint, which may 
be weeks before it passes the same spot again.   
 
Radar based systems are smaller scale, wide area 
systems and cover an area larger than a single point 
tide station. In this system, the resolution is 
horizontal, and can vary from metres to kilometres 
depending on system, station height and frequency. 
The radar systems require a permanent installation, 
so they are typically used close to shore. Smaller 
radar, or ultrasonic systems are used alongside 
jetties or on offshore platforms, and typically 
measure below the sensor.  

 
Another method of measuring water level is buoy 
based, which can achieve an accuracy of better 
than 1% and a resolution of 0.01m. The traditional 
focus of wave buoys, such as the Datawell 
Waverider and AXYS TRIAXYS buoys, has been to 
measure waves, however as they measure the 
vertical motion of the buoy, water level can also be 
determined from the data. These, notoriously 
expensive, require either an RTK base station or 
significant post-processing to reduce the accuracy 
from decimetres to a few cm. Many other 
manufacturers make GNSS/GPS buoys – some as 
off the shelf solutions, others with a simple high 
accuracy GPS receiver integrated into the buoy.  
 
Pressure-based gauges are the most cost effective 
and popular way of measuring water level. These 
can be automatically compensated for atmospheric 
pressure, i.e., vented, or non-vented. They can 
have real-time output, or they can be self-contained 
and downloaded periodically.   
 
2. RBR Pressure Based Loggers 
RBR designs and manufactures oceanographic 
instrumentation in Ottawa, Canada, including two 
different methods of measuring water level – using 
a piezo-resistive sensor and using a Digiquartz® 
sensor.  
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The piezo-resistive pressure sensor uses a strain 
gauge made from a conductive material that 
changes its electrical resistance when it is 
stretched. It is economical and has good accuracy 
and resolution. 
 
The Paroscientific Digiquartz® pressure sensor is in 
a different league. It is much more expensive and 
performs with an accuracy 5 times better than the 
piezo-resitive pressure sensor. With a resolution of 
up to 10ppb (100ppb for the shallow sensor), which 
is equivalent of 0.01mm in 1000m of water, and very 
low drift, it is ideal for long term monitoring 
applications, such as sea level rise monitoring.  
 
At RBR, the piezo-resistive pressure sensor is 
incorporated into all logger sizes, including the 
multi-channel loggers (see Figure 1). 

 
 

Figure 1: Range of RBR instrumentation using same 
piezo-resistive pressure sensor 

 
The RBR instruments using the Paroscientific 
Digiquartz® have options for different depth ranges, 
internal power, connectivity, attitude sensors and a 
‘zero’ drift variant using A0A technology.  
 
The piezo-resistive fitted loggers are available in 
three different modes: 
 
- Continuous: to max of 2Hz, with options up to 

32Hz 
- Tide: with continuous sampling or tidal averaging  
- Wave: with continuous sampling, or tidal 

averaging, or with wave burst sampling and 
processing. 

 
The cost effective piezo-resistive sensors have an 
initial accuracy of ±0.05% of the full range with a 
resolution of ±0.01%, ideal for shallow and short-
term deployments in oceanographic terms. For 
‘deeper’ and long-term monitoring, the Digiquartz® 
(see Figure 2) is preferred. 

 
Figure 2: RBRquartz3 Q|BPR that uses a Paroscientific 

Digiquartz® pressure sensor 
 
3. How accurate is accurate? 
The piezo-resistive sensors from RBR achieve an 
initial accuracy of ±0.05% full scale with a resolution 

of ±0.01% full scale. Instead of an absolute figure, 
accuracy and resolution are presented as % of full 
scale as they change depending on the different 
pressure range.  
 
The piezo-resistive sensors are available in 0 to 20, 
50, 100, 200, 500, 750, 1,000, 2,000, 4,000, 6,000 
and 10,000m. The different thickness diaphragm 
affects their responsiveness. The calibration is 
performed over the range of the sensor and is 
referred to as a percentage of that range.  
 
Accuracy is an indication of how close the 
measurement is to the true value. For example, an 
accuracy of ±0.01m means that if the true depth is 
10m, the logger would measure between 9.99m and 
10.01m. Resolution is the change in depth that is 
detected by the sensor; a 2mm resolution means 
that the sensor would detect a 2mm change in water 
level. This is an important as a 20m sensor would 
have 10x better accuracy and resolution than a 
200m sensor. 
 
Exceeding the depth range of the sensor will lead to 
failure of the sensor, and subsequent flooding of the 
logger which should be avoided. Therefore, when 
selecting a pressure sensor for fieldwork, it is 
important to consider both the operational water 
depth as well as the desired accuracy. Selecting a 
500m pressure sensor is not reasonable if a 1cm 
accuracy is required, and likewise a 20m sensor is 
not useful for deploying in 500m of water – the 
sensor will be damaged. 
 
When referencing accuracy and resolution, the term 
‘initial’ is used as a prefix, as the highest accuracy 
is immediately post calibration. Over time, the 
sensor will drift due to the sensor aging, the 
electronics, amongst other factors. Small drifts are 
expected but over time, the drift risks putting the 
sensor outside the specification, therefore regular 
recalibration is recommended every 12 months to 
maintain the documented specification. 
 
The Paroscientific Digiquartz® sensors used in the 
RBRquartz3 loggers are low drift sensors in 
comparison to the piezo-resistive sensors, and the 
RBRquartz3 BPR|zero, through its modus operandi, 
is effectively a zero-drift instrument.  
 
4. Continuous, Tide and Wave – What is the 

difference and how are they used? 
There are many uses of pressure-based water level 
measurements, discussed in the 3 measurement 
regimes available on RBR loggers, of continuous, 
tide, and wave. 
 
4.1 Continuous 
Raw continuous data is normally used to determine 
water level with no processing.  As its name 
suggests, in continuous mode the loggers 
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continuously sample. The RBR range of standard 
depth loggers can sample continuously from once 
per 24 hours to 2Hz, with the options up to 32Hz.  
 
With continuous sampling, every measurement is 
recorded creating data files larger than averaged 
tide files, with ‘raw’ data. Any post processing, 
incluing averaging can be done by the user. This 
allows the user full control of data processing. User 
may take the raw data, even at only 2Hz, and use 
this to extract bursts to determine wave statistics 
from that data.  
 

 
Figure 3: Long term continuous wave data of Auckland 

Harbour showing effects of COVID-19 lockdown 
(courtesy of Tonkin+Taylor NZ) [1] 

 
The fast continuous sampling allow for projects 
such as boat wake monitoring. This can be 
deliberate or accidental. As can be seen in Figure 3, 
Tonkin+Taylor in NZ have a long-term monitoring 
program in Auckland Harbour. In this dataset, when 
NZ went into level 4 lockdown around on 26 April 
2020, wave height in the harbour dropped by 
around half tying in with the ban of vessels on the 
harbour[1].     

 
Another example application is Bluecoast 
Consulting Engineers deployment of nine RBR 
pressure sensors in continuous mode, for surf zone 
monitoring at the Palm Beach artificial reef 
development[8]. It was designed as both an internal 
R&D project and to validate the SWASH model 
used for their work on the detailed design of the 
Albany Artificial Surf Reef.  
 
Over a 24-hour period, 16Hz continuous data was 
recorded by the RBR loggers on the leeward side of 
the reef. The waves were in the order of 1m at a 
period of ~11s. 
 
The processed data was compared with a 
permanently deployed Waverider buoy (as per 
Figure 4), the original physical model work in 
hydraulic labs, and to validate the SWASH model 
used as a tool for evaluating artificial surf reef 
designs. This was only possible by collecting large 
amounts of continuous pressure data.  
 

 
Figure 4: Comparison of pressure data from the RBR 

loggers with output of the SWASH model[8] 
 
A final, and less used example of continuous 
pressure data is in long mooring monitoring. Long 
moorings, either poorly designed or deployed in 
highly dynamic locations, can suffer from 
‘knockdown’.  
 
Knockdown occurs when the mooring is pushed 
over by the current; the longer that the mooring is, 
the larger the effect can be. As can be seen in 
Figure 5, although the mooring has been designed 
to measure at set depths, due to knockdown, these 
measurements are occurring  deeper than planned. 
The amount of knockdown is not constant, so the 
pressure data is highly valuable in qualifying where 
in the water column the actual data is recorded. 
 

 
Figure 5: The effects of knockdown on planned position 

in the water column and the actual position[6] 
 
4.2 Tide 
The most popular use of tidal averaging is a 
standalone tide gauge. A tide gauge determines the 
water level over an epoch, and removes the effects 
of waves by averaging to determine the still-water 
level. With the RBR tidal firmware, data is collected 
at a set speed (rate), for a set duration (burst), at a 
set period (time interval).  
 
An example of an RBR tidal measurement is 16Hz 
sampling, over a 1 min duration every 5 mins. In 
tidal mode, the raw data is averaged to determine 
the water level. Therefore, using this example, the 
logger will measure 960 samples (16/s for 60s),12 
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times an hour (every 5 mins). Note that while 960 
samples are taken, only the average is recorded in 
the logger, time tagged to the start of the sample.  
 
In estuaries and ports around the world, tidal data, 
received via a cable directly connected to the 
logger, is used in real-time to report the actual tide 
measurements to allow safe ship movements. 
IXblue conduct tidal measurements at thirty four of 
New Zealand’s eighty nine NIWA collection sites[4]. 
These are a combination of self-contained loggers 
as well as RBRvirtuoso3D|tide16 loggers, with a 
connector and cable to bring the data to the surface.  
 
4.3 Wave 
Waves are represented as high-frequency changes 
in depth measurements. Unlike tide measurements 
that are designed to average out the fluctuations to 
determine a mean water level, these fluctuations 
are required to characterise wave properties. The 
speed of sampling and the sample length (in time) 
are key, however depth is also important factor, 
particularly for short period waves.  
 
The RBR wave loggers can be deployed to measure 
waves at regular intervals. The instrument collects 
a burst of data of 512 to 32768 samples at rates up 
to 16Hz, where both the number of samples and the 
sampling rate can be programmed independently. 
Together the rate, sample number, and depth define 
the shortest and longest wave that the logger can 
detect.  
 
To determine the appropriate burst length, a useful 
criterion is to have 100 samples times the period of 
the longest wave, i.e. 512 samples to resolve up to 
a 5s wave [5].  
 
The minimum wave period that can be resolved is a 
function of sample rate and depth. Attenuation of 
the wave through the water column restricts the 
smallest wave the logger can resolve, which is 
determined based on the accuracy of the pressure 
transducer [2].  
 
When setting up the deployment in Ruskin (RBR 
software) for waves, the depth and altitude are 
inputted, and the resulting wave frequency that can 
be resolved is estimated. Deploying a logger 1m 
from the seabed in 10m of water, and sampling with 
a 8192 duration burst at 16Hz, will capture wave 
periods from 5.27s. Mounting the logger 2m from 
the surface will shorten the minimum wave periods 
measurable to 2.96s. Therefore, deploy close to the 
surface to measure short period waves. 
 
Ruskin provides the derived wave statistics, as well 
as all of the raw data in the burst, allowing the user 
to process their own wave statistics if desired.  
 

5. Processing water level data 
With tides, a simple averaging is conducted on the 
data to determine the average water level. If the 
user wants to process their own tidal data, then they 
should use continuous or burst measurements as 
the tidal firmware only stores the averaged data and 
not the raw samples. No processing is conducted on 
continuous data allowing the user full control over 
data processing. 
 
Measuring waves using a pressure transducer 
requires attenuation correction to the raw signal so 
that the actual wave signal at the surface are 
correctly reflected. According to linear wave 
theories, this is achieved by Discrete Fourier 
Transform (DFT), since all wave signals are a 
composition of waves with different frequencies, 
and each frequency component can be treated 
separately. 
 
The attenuation correction includes three major 
steps: 
1. Transform time-series data to its frequency 

domain. 
2. Each frequency is multiplied by the inverse of the 

attenuation by that particular frequency due to 
the depth of the logger. This action is limited to 
attenuation <1/20 to avoid injecting noise into the 
reconstruction. 

3. The corrected frequency is transformed back to 
the time domain using the inverse Fourier 
transform. 

 
When applying Fourier Transform to time series 
data, the assumption is that the two endpoints of a 
time waveform are connected and if an integer 
number of periods fill the acquisition time interval, 
the transform turns out fine. Spectrak leakage 
occurs when the measured signal is not an integer 
number of periods, making the endpoints 
discontinuous. A windowing technique is introduced 
to reduce spectral leakage. 
 
While there are many types of window functions to 
apply, the Hanning (Hann) window is satisfactory in 
95% of cases. Ruskin applies a 96-point Hann 
window to the first 48 and the last 48 samples of 
each burst before DFT. Once the frequency signal 
after attenuation correction is transformed back to 
the time domain, an inverse Hann window is 
applied. Ruskin shows the resulting data graphically 
(see Figure 6).  
 

 
Figure 6: Example graphical output of wave dataset 
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6. Compensation for Atmospheric Pressure 
Non-vented pressure gauges measure atmospheric 
and water level pressure as shown in Figure 7. A 
key component of any pressure-based water level 
data processing is therefore removing the 
atmospheric pressure component of the data. 
 

  
Figure 7: Pressure gauges measure atmospheric and 

water pressure[7] 
 
In Ruskin, the user can input the atmospheric data 
so that the pressure is corrected in the data. For 
data collection over a prolonged time, or where the 
pressure changes rapidly, this will not be adequate. 
Atmospheric data needs to be collected 
concurrently to the water level data collection, so 
that the atmospheric reading can be removed from 
the underwater data. 
 
There are many ways to collect the atmospheric 
data, including using a local weather station or using 
an additional logger on the vessel itself as shown in 
Figure 7. As it uses the same software and clock, 
setup the data from the two loggers are time 
synchronised. As the times are aligned, simply 
subtract the ‘in air’ data  from the ‘in water’ data to 
account for atmospheric pressure changes.  

 
7. Setting the loggers up  
Ignoring installation conditions, the two main factors 
affecting measurement programs are power 
available and memory. Generally, the longer and 
faster that you sample, the more power that is 
required and faster you fill the memory. 
 
The compact depth loggers that RBR manufacture 
have a memory that can store ~65 million readings, 
and the standard sized loggers are roughly double 
that at ~132 million.  
 
The compact logger is powered by a single AA 
battery of any chemistry and, using a lithium thionyl 
chloride battery, the logger will sample at 1Hz for 
over 1 year before the battery runs out – the 
memory would still have space for another 12 
months.  It is only at continuous sampling at 24 or 
32Hz that the memory is the limiting factor. Note that 
the battery estimates are based on deploying in 5°C 
water. If the deployment is in cooler waters, derate 

the battery life to account for the cooler 
temperature. 
 
The standard logger runs on 8 AA batteries of any 
chemistry, where again the logger can sample for 
over 12 months at 1Hz on lithium thionyl chloride 
batteries, and only at continuous sampling rates at 
8Hz or above is the memory the limiting factor.   
 
To allow essential project planning, the set-up tool 
is available with simulated loggers and, as Ruskin is 
used for all RBR instrumentation, any simulated 
logger can be ‘built’. 
 
With all the loggers, the user has the option of 
selecting ‘continuous’ mode and then choosing a 
sample speed from once every 24 hours all the way 
to the max sampling speed, 2Hz normally and up to 
32Hz on the fast loggers.  
 
With tide or wave enabled loggers,  the user selects 
the sampling speed, duration and frequency. This 
information is again used to estimate endurance 
based on logger type, memory, and battery 
chemistry. 
 
RBR loggers can be powered by any AA battery 
chemistry from lithium thionyl chloride (LiSOCl2) to 
rechargeable nickel metal hydride battery (NiMH). 
The user is not reliant on getting custom battery 
packs from the manufacturer and these are usually 
available at most locations. The different 
chemistries give different performance with the 
NiMH batteries about 23% endurance of the 
LiSOCl2. Of course, maximum endurance may not 
be essential – a project that samples regularly for 
only 24 hours, would save significant money, and 
be more environmentally friendly, if rechargeable 
batteries are used rather than single use batteries.  
 
If the battery is limited, RBR can provide external 
power connectivity options, battery pack extensions 
and external battery pack solutions. 
 
8. Installation 
The priority in determining water level is to provide 
a stable location. Floating structures move with the 
water level, thus pressure sensors cannot be 
mounted to them. Where existing infrastructure is 
available, such as jetties, pressure sensors can be 
mounted to these directly or via a pole. Consider 
installing at the same position to allow data 
consistency, particularly for long term 
measurements where loggers are to be recovered 
and reinstalled. Otherwise, deploy the logger with 
repect to an existing local vertical reference. Be 
careful of potential reflective waves from the 
structures affecting the water level data.  
 
For offshore locations, stable frames, as per Figure 
8, should be used. Consider the frame’s stability, 
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weight (enough to hold it in place when deployed, 
yet manoeuvrable when on deck), trawl resistance, 
additional instrumentation, method of deployment 
and recovery, corrosion and isolation between 
different metals, security and visibility of the sensor 
outside the frame (more relevant for optical sensors 
but still a consideration for pressure sensors).  
 

 
Figure 8: Example bottom frames[Source: S.Stimson]  

 
Measuring the pressure above the logger is not 
directional. In theory, the logger can be mounted at 
any orientation, and it will not affect the 
measurement. Although it is possible to install it with 
the pressure sensor facing up, it is not 
recommended as the area between the protective 
cap with four small vent holes in it, and the 
diaphragm can fill with fine sediment and affect the 
accuracy of the measurement (see Figure 9). 
  

 
Figure 9: Correct logger orientation to avoid 

silt build up [9] 
 

Another reason to install the sensor facing down, is 
to avoid issues with battery orientation dependency. 
Certain LiSOCl2 can have reduced capacity when 
orientated in a particular way and deployed in cold 
(~<5°C) water, especially when not vibrating as an 
instrument might experience on a ‘strumming’ 
mooring line. RBR makes it simple for the user to 
avoid this by orientating the battery in the logger the 
correct way so when the logger is held by the hole 
at the top, the battery inside is orientated upright, 
the correct way, to get the maximum capacity out of 
the battery. 
 
Instruments in the ocean are susceptible to 
biofouling/marine growth. The data from the 
pressure sensor is only marginally affected by this 
growth unless a perfect seal around the diaphragm 
occurs. If the pressure change can be felt at 
diaphragm, it will be measured. Very occasionally 
an organism can find its way through the holes in 
the protective cap and affix to the diaphragm where 
it can grow pushing between the diaphragm and the 
fixed cap. To avoid this, zinc based nappy rash 
cream has been found effective in reducing growth 

and stopping organisms entering through the holes, 
yet not affecting the pressure measurements.  
 
One implication of marine growth is the subsequent 
cleaning. Where the housings can stand a vigorous 
clean, with the loss of some labels at worse, any 
growth on the diaphragm requires very gentle 
treatment. The cap should be removed using a coin 
or a large flat head screwdriver, and the diaphragm 
rinsed under running water. If this fails to remove all 
the deposits, a soft-bristle toothbrush can be used 
but avoid touching the membrane as it can be 
deformed easily and may irreversibly damage the 
sensor. If the deposits cannot be removed with a 
soft brush, submerging for a while in a vinegar 
solution can soften the calcified build up or, if the 
pressure rating is greater than 50dBar, the sensor 
can be placed in a sonication bath, for several 
minutes to soften up the deposits. 
 
To make cleaning of the logger’s body easier, 
wrapping in tape will make it easier to get most of 
any growth off quickly. Strong adhesive tape should 
be avoided as this in itself becomes hard to remove 
and often leaves a sticky deposit that is just as hard 
as marine growth to clean off.  
 
9. Future plans 
All manufacturers of pressure loggers, including 
RBR, continuously work to get the most out of their 
instruments. This can be to measure faster, to store 
more, to process more onboard, to use less power 
to do so, and to do it more accurately – or a 
combination of all of these. 
 
At RBR, in addition to some exciting technological 
developments across the whole range, RBR have 
been working for the past 12 months with a 
company called Sofar Ocean that have developed a 
‘Smart Mooring’ for their low-cost wave buoy. 
Rather than just having a mooring line to just secure 
the buoy at location, the Smart Mooring provides a 
conduit to bring additional oceanographic data such 
as temperature, PAR, DO, pressure, etc., from 
below the surface, to the buoy, and then to the 
outside world. 
 
Pressure data from the seabed can be used to 
provide accurate water level information that the 
wave buoy cannot provide itself due to its modus 
operandi – a ‘bobbing’ buoy can measure wave data 
but it cannot provide accurate water level 
determination without an expensive GPS unit and 
lots of processing.  
 
The next stage of this development is to process the 
wave data on the logger, this is currently undertaken 
within Ruskin, and bring that to the surface. 
Pressure sensors are designed to resolve the lower 
portion of the wave band – swell, infragravity waves 
and tides. The buoy is designed to measure the high 
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frequency band of the waves that all pressure 
sensors fail to see due to attenuation of pressure 
with depth. Therefore, combining the data from 
buoy on the surface and the pressure gauge below, 
it will facilitate a complete spectrum of wave data to 
be derived at the location.   
 
10. Conclusion 
Pressure based water level measurements are a 
cost-effective way to obtain accurate determination 
of the water level, at a reasonably high resolution. 
The accuracy and resolution of the instrument is a 
combination of the type of sensor that is integrated 
into the logger, as well as the pressure range of the 
sensor.  
 
There are several key considerations in choosing a 
pressure sensor, including budget, location, 
required duration and desired outcome.  
 
Where the logger is installed and how it is installed 
can have a significant effect on how successful the 
deployment is, and on the quality of the data 
acquired. Ensuring the instruments security, 
whether that is in fixings or also in disguise, will 
improve the chances of getting the instrument back, 
and more importantly, retrieving the data. 
 
It is critical to choose the method of collection, be it 
continuous, burst or averaged, based on the 
outcome that is being sought and this will either 
produce ample data, or reduce post-processing as 
appropriate. The post-processing should be 
undertaken correctly and with the atmospheric 
pressure removed from the data set of pressure-
based measurements.   
 
A good software program can not only make set up 
quick, easy, and intuitive, it can also assist in project 
planning to get the most out of the instruments and 
reduce the number of costly service visits required 
over the duration. This includes calculating battery 
endurance to ensure that there is enough power to 
complete the measurement regime selected, but 
also reduce the number of batteries wasted in only 
being partially used. It should be noted however, 
environmental impact should be considered when 
deciding on changing a battery, but this must be 
weighed up with the cost of not replacing the battery 
on the environment and in monetary terms. 
Avoiding unnecessarily changing of a $10 battery 
has some definite advantages, however this needs 
to be compared with the additional resources 
required and associated environmental impact of 
having to redeploy and extend the measurement 
program if the data is lost.  
 
All instruments, no matter the manufacturer, drift 
over time and this needs to be considered. When 
purchasing a pressure-based sensor, check the 
actual specifications meet your need (and the 

manufacturer allows you to compare fairly ‘apples 
with apples’), but also consider the drift. This allows 
the user to determine how long the instrument is 
expected to stay within the required specification.  
 
Finally, to keep any instrument within its 
specification, it is important to recalibrate it at the 
manufacturers recommended interval. For RBR 
instrumentation, for example, calibration is 
recommended on an annual period to ensure that it 
is kept within its quoted specifications. This cost 
should also be considered when preparing project 
budgets.  
 
Proper configuration and deployment, as well as 
regular calibration, will safeguard the investment in 
market leading, high accuracy instrumentation for 
years to come.   
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Abstract 
The Future Port Expansion (FPE) rock revetment seawall at the Port of Brisbane was completed in 2005 on 
top of very soft marine clays. The structure was designed to settle over time and regular top-ups have been 
required. The first top-up occurred in 2013, with a second top-up required now.  
 
Condition and risk assessments were undertaken to understand the current and future risk exposure, followed 
by repair design.  
 
The condition assessment was required to gain detailed understanding of the performance of the FPE seawall 
after foundation settlement of up to 3 m. The seawall has undergone significant geometrical changes due to 
the settlement, with the resulting crest width and level reduced. Rock armour has moved, with some of the 
underlayer partially exposed in places. Despite the significant movement of the seawall due to the settlement, 
the structure is classified as fair to marginal.  
 
The risk assessment focused on the risk from wave overtopping, potentially impacting on the structural 
performance of the FPE seawall, and on wave transmission over the seawall, potentially impacting on internal 
bund walls and fill. The risk assessment was undertaken for present day through to 2030 to assess when the 
risk changes to an intolerable level. It was concluded that upgrade works in the form of crest raising were 
required as soon as possible to minimise potential risks.  
 
The repair design had to consider the change of the FPE seawall from an emergent structure shortly after 
raising the crest, to a submerged structure after further settlement has occurred. Most importantly, the repair 
design had to optimise geotechnical, coastal and constructability aspects to determine the most efficient design 
that would provide a design life of approximately 10 years or longer. This was achieved by geotechnical and 
coastal engineers working closely together in collaboration with the asset owner, and by having early contractor 
involvement.  
 
Keywords: settlement, condition assessment, risk assessment, rock seawall repair design, emergent structure 
 
1. Introduction 
Port of Brisbane (PoB) is located at the lower reach 
of the Brisbane River and is the largest general 
cargo port in Queensland, Australia.  Due to 
projected trade growth and an increase in South 
East Queensland population, the Port is currently 
undergoing a 230 ha expansion by reclamation to 
accommodate future requirements of container 
terminals and container yards.   
 
The FPE seawall is a rubble-mound (rock fill) 
revetment structure constructed between August 
2003 and March 2005 along the perimeter enclosing 
the proposed FPE area (Figure 1). The seawall is 
founded on the natural seabed in water depths 
ranging from about 1-6 m depending on the tidal 
height and location offshore. The seawall is 
underlain by soft, slowly-compressible (Holocene) 
marine clay layers, varying from 5 m to 35 m thick.   
 
The seawall was expected to settle over time and 
needs to be topped-up periodically.  Based on the 
initial seawall design, it was identified that the 
eastern portion, which is underlain by the thickest 

compressible Holocene layers (Figure 2), would 
need to be topped-up circa 2011-2012.  The survey 
undertaken at the time confirmed that was the case.  
Subsequently, a design was undertaken in 2012 
and the eastern seawall was successfully topped-
up in 2013.  Since completion of the works, ongoing 
settlement of the seawall foundation has continued 
to affect the structure, and in 2020 it was identified 
that some sections were required to be topped-up. 
 

 

Figure 1   Extent of FPE seawall at Port of Brisbane 

FPE 
Seawall 
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Figure 2   Base of Holocene deposits contours 
 

2. Regional geology 
The geomorphology and geological setting at PoB 
are described in detailed in Ameratunga et al. 
(2010) [1].  A brief description of the geological units 
is summarised in Table 1.  The Lower Holocene 
layer posed a significant impact on the seawall 
design because the clay layers are soft, creating 
stability issues, and highly and slowly compressible, 
leading to large, yet protracted, settlements.  
 
Table 1   Geological Units 

Geological Units Description 

Upper Holocene Modern dune and beach 
deposits comprising silt and 
clay interbedded with layers 
of fine to coarse grained 
sand. 

Lower Holocene Normally to slightly over-
consolidated marine clay, silt 
and sand.  The clayey 
material is also known as 
PoB clay, which is highly 
compressible. 

Pleistocene Older sediments comprising 
over-consolidated clay, sand 
and gravel.  This layer is 
assessed to be 
incompressible for design 
loads at PoB. 

Tertiary Weathered basalt bedrock of 
the Petrie Formation. 

 
3. Initial Seawall Design  
In general, the initial seawall design by the FPE 
seawall Alliance was based on a rock fill 
embankment founded on a high-strength geotextile 
placed on the natural seabed. For the North Bund 
and South Bund where the Upper Holocene sand 

Figure 3   East Bund typical initial design cross section 

layer is present, the geotextile is overlain directly 
with rock fill. For the East Bund, where the 
geotechnical conditions were the worst because the 
Upper Holocene sand layer was thin or absent, the 
high-strength geotextile was overlain with a sand fill 
‘pancake’ underlayer up to 4 m thick prior to the rock 
fill. 
 
The final design selected for the East Bund had the 
following key features as shown in Figure 3: 
 

i. Basal high-strength geotextile with an 
ultimate tensile capacity of 700 kN/m; 

ii. Sand pancake wider than the basal 
geotextile; 

iii. Separation/filtration geotextile to cover the 
sand and to minimise sand movement due 
to tides and waves; 

iv. Rock core bund above the sand; 
v. Armour on the flanks. 

 
Due to the nature of the ground conditions, parts of 
the seawall settled up to 1 m during the construction 
period alone, and it was estimated to settle 
progressively up to 2-3 m over a period of 10 to 15 
years post construction.  
 
The East Bund had a nominal crest level of 
RL 4.0 m PD (Port Datum, i.e. 4 m above Lowest 
Astronomical Tide) in the original design and a crest 
width of 9 m. The wide crest reduces wave 
overtopping volumes and wave transmission over 
the seawall into the internal reclamation cells. The 
primary armour configuration of the original design 
generally consisted of armouring on the sides of the 
bund (i.e. inner and outer face) only, with coarse 
core rock exposed at the crest, allowing vehicular 
access around the seawall bund. 
 
Physical modelling of the original design was 
undertaken to verify and modify the design. In the 
modelling, while some core material was displaced 
towards the rear of the structure in larger events 
(towards the reclamation area), some of the parapet 
armour fell into the resulting scour hole with no 
impacts to armour stability recorded. Rock armour 
was generally stable during the test conditions with 
any movement of rocks recorded within the 5% 
damage criteria established for the design.  
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The effect of settlement of the crest on armour 
stability was also assessed by testing cross 
sections that have a crest level 1.0 m and 1.5 m 
lower than the design crest level as this might occur 
in between maintenance top-ups. It was found that 
waves travel across the crest in the design 
conditions, resulting in less armour damage due to 
the flatter side slopes of the settled structure.  
 
3.1 Historical repair 
During a periodic survey of the seawall in 2011, it 
was identified that parts of the seawall had settled 
by approximately 1 m to a crest level of RL 3 m.  
The settlement observed was largely consistent 
with the prediction made during the initial design. An 
engineering review of stability, settlement and 
coastal engineering aspects resulted in topping-up 
parts of the North Bund and East Bund in mid-late 
2013 to crest levels ranging from RL 3.5 m to 4.0 m. 
Topping-up consisted of placing rock armour on the 
crest to cover the exposed core rock. The extents of 
the top-up works are shown in Figure 4. 
 

 

Figure 4   Extent of 2013 rock armour top-up  

 
4. Seawall settlement 
4.1 Historical settlement 
The inferred range of seawall settlement since the 
start of construction to the present day varies from 
1.5 to 2.5 m along the North Bund and 1 to 3 m 
along the East Bund. Settlement of the seawall 
along the alignment is generally proportional to the 
base of Holocene elevation (i.e. Holocene marine 
clay thickness). 
 
4.2 Predicted future settlement 
Extrapolation of the most recent historical rates of 
settlement was undertaken to approximate the 
potential future settlement of the seawall structure 
over the next 10 years, assuming that no topping-
up of the seawall would be undertaken during that 
period (Figure 5). The results indicated that the 
seawall may experience settlement of up to 0.5 m 
between 2020 and 2030. The local maxima of this 
settlement was expected to be coincide within the 
deepest part of the Holocene-infilled paleo valley 
underlying the East Bund, and therefore was 
expected to represent an upper bound. Settlement 
of the seawall in other sections was expected to be 

less, and consistent with the pattern exhibited by the 
historical settlement profile. 
 

 

Figure 5   Seawall crest settlement vs. time, East Bund 

 
5. Condition assessment 
A condition assessment of the FPE seawall was 
undertaken to gain detailed understanding on how 
the settlement impacted on the structural integrity of 
the rock armour. The crest along the East Bund is 
inaccessible for vehicles and pedestrians. The 
structure was therefore inspected via drone 
photogrammetry with the outer armour also 
inspected in person via boat. 
 
The inspection determined that settlement of the 
seawall had caused some slumping and, as 
expected, movement of rock armour resulting in 
reduced interlocking. Settlement has resulted in the 
crest width decreasing and slopes flattening, but 
due to localised slumping some steeper slopes exist 
over part of the structure height as shown in 
Figure 6. Generally, the FPE seawall is in ‘fair’ 
(Structural Index of 2 out of 6) condition along the 
North Bund and ‘marginal’ (Structural Index of 3 out 
of 6) condition along the East Bund. The condition 
rating is based on the method presented in Oliver et 
al (1998) [5], using a refined score range of 0-6 
instead of the original 0-100 to remove subjectivity 
(Figure 7). 
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Figure 6   Impact of settlement on the cross-sectional 
profile of East Bund 

 

Figure 7   Condition index scale from Oliver et al with 
adjustment 

 
6. Risk assessment 
Parts of the FPE seawall have settled to a point that 
the crest is at approximately Highest Astronomical 
Tide (HAT = RL 2.73 m PD) in 2020, despite the top-
up undertaken in 2013. Consequently, parts of a 
newly constructed internal bund failed due to wave 
overtopping and transmission over the seawall 
during a storm event.  
 
A risk assessment was carried out for a “do-nothing” 
approach with respect to remedial works (i.e. 
assuming no top-up) of the FPE seawall to assess 

the risk from wave overtopping and transmission in 
combination with the condition rating. Avoiding 
significant wave transmission over the seawall is 
critical for the integrity of internal bunds and future 
reclamation fill. Excessive wave overtopping can 
impact on the structural integrity of the rock armour 
wall and is experienced due to the ongoing 
settlement, gradual increase in mean sea level and 
reduced crest widths after settlement. The risk 
assessment was carried out for the present-day (i.e. 
2020) as well as estimated into the future (in 2025 
and 2030). The final risk rating for wave overtopping 
incorporates the condition rating of the structure. 
This is done by increasing the consequence rating 
from overtopping in line with the condition rating at 
each relevant section.  
 
The findings from the risk assessment were as 
follows: 
 

• Most of the seawall is currently (i.e. in 2020) at 
Moderate Risk during a 50-year design storm 
event (Figure 8). This risk requires treatment to 
reduce to a Low Risk as soon as practicable.  

• Most of the seawall was assessed to be at High 
Risk by 2025. Treatment was recommended to 
reduce to a Low Risk.   

• The most vulnerable section of the seawall was 
the low-lying tip of the North Bund and East 
Bund eastern section with crest levels of less 
than RL 3.2 m.  

 
With most of the seawall structure considered at 
Moderate Risk at the present day, topping-up was 
recommended to be undertaken as soon as 
practicable, to reduce the risk to acceptable levels. 
 

 

Figure 8   Risk rating from wave overtopping, present day   

 
7. Repair design 
Detailed repair design is being undertaken by Water 
Technology and Golder working closely together to 
achieve coastal engineering and geotechnical 
objectives. As per the intent of the initial design, 
topping-up of the crest level generally occurs  
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Figure 9   Upgrade design cross-section for RL 4.0 m PD 
 
towards the inner side of the bund, in order to 
maintain the existing outer slope angle and thereby 
minimise construction of stability berms at the outer 
toe of the bund and generally.  
 
7.1 Crest level 
Two top-up options have progressed to detailed 
design, namely topping-up the crest elevation to 
RL 3.5 and RL 4.0 m PD respectively. 
 
While topping-up to RL 3.5 m PD has a lower risk 
from a geotechnical stability perspective, repairs 
would only last for approximately 10 years (before 
another top-up was necessary) and would require 
excavation/repacking of existing rock fill to achieve 
the new profile. 
 
RL 4 m PD would maximise the use of contractor 
mobilisation and is expected to last longer 
(approximately 20 years), but there would be 
diminishing returns as more top-up height 
generates additional consolidation settlement of the 
foundation materials. In addition, a crest elevation 
of RL 4 m PD has a higher risk from a geotechnical  
stability perspective and larger extensions to toe 
berms would be required. Crest widening to ensure 
sufficient interlocking would also be necessary. This 
results in a significant cost difference of both 
options. 
 
The key coastal engineering consideration in the 
design is to cover any exposed core or underlayer 
at the crest. This is relevant for the North Bund only, 
as the East Bund was already covered in rock 
armour during the 2013 repair works. The exposed 
core is considered the most vulnerable part of the 
structure due to the ongoing settlement resulting in 
increased overtopping. 
 
While the physical modelling undertaken for the 
original design concluded that armour becomes 
more stable with settlement, scouring of the 
exposed core has been observed. Surrounding 
armour is expected to settle into the developing 
scour hole, however, this can potentially result in a  

 
 
weakening of the armour layer in other areas due to 
reduced interlocking and layer coverage. Any 
subsequent storm event has the potential to result 
in more severe damage to the structure.  
 
7.2 Rock sizing 
The repair design considers climate change, 
specifically an increase in wave heights due to 
increased storm intensity and an increase in water 
level due to sea level rise [3]. This, combined with 
the slight change in slopes due to settlement and a 
change in rock density available for the repair 
works, results in an increase in armour sizing. The 
original rock armour at the East Bund, which is 
exposed to the most significant wave heights, is 0.9t 
(W50). Rock armour specified for the topping-up is 
1.7t. 
 
7.3 Wave overtopping 
The originally designed wide crest of 9 m limited 
wave overtopping to below 10 L/s/m at the inner 
slope at the original crest level of RL 4 m PD. 
Ongoing settlement causes the lowering of the crest  
level and a reduction in crest width as shown in 
Figure 6, resulting in increased overtopping 
volumes over time. Additionally, the expected 
increase in storm intensity and sea level rise will 
further increase overtopping volumes, posing an 
increased risk to the armour stability at the back of 
the crest and inner slope. The repair design 
therefore requires the rock armour to be placed at 
the crest and inner slope to provide armour stability 
(see Figure 9). 
 
The crest width of the repair design is based on 
armour stability and interlocking considerations 
only, resulting in a crest width of 3.5 m. Significant 
overtopping will still occur (especially at the reduced 
crest level of 3.5 m PD), but is not expected to result 
in armour instability during the design event or less.  
 
Wave transmission over the structure into the future 
reclamation area has not been limited and will be 
experienced in a storm event. To prevent any 
damage to internal bund walls from wave 
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transmission it was recommended to review the 
internal bund design so that they can withstand the 
expected wave impact. 
 

Increased wave overtopping also impacts on the 
design of the internal stability berms. The level of 
the stability berms has been lowered to reduce 
anticipated scour impacts and some areas require 
some localised rock scour protection.  
 
7.4 Geotechnical analysis  
The repair design challenged the premise that the 
now 17-year old basal high-strength geotextile 
installed for the original seawall construction had 
exceeded the serviceability criteria as predicted by 
the original designers, and which would preclude it 
from being relied upon for stability assessments for 
topping-up. Initial consultation with the geotextile 
manufacturer confirmed that site environmental 
conditions would not be beyond the bounds of what 
was allowed for in the reported 120-year design life 
of the product.  
 
A key geotechnical issue which needed to be 
resolved was assessing the current tensile strain 
and tensile force in the geotextile, and more 
specifically, the margin available when compared to 
maximum strain limits. Finite element analyses with 
updated mesh and updated pore pressure 
techniques (to account for buoyancy effects and 
reduction in thickness of the consolidating Holocene 
layer over time) were carried out to back-analyse 
the historical seawall deformations and the resulting 
forces/strains transferred to the basal geotextile 
since its initial placement. 
 
Simulations were also made of the additional strain 
the geotextile would experience over the next 
50 years due to the proposed top-up. The analysis 
considered stiffness reduction of the geotextile over 
time in line with manufacturer technical data sheets. 
The analysis indicated that at present-day the peak 
strain in the geotextile is around 4.8% and that 
topping-up to RL 4.0 m would marginally increase 
the peak strain to around 5%, which is generally 
acceptable according to long-term strain limits 
recommended by published literature, for example 
British Standard BS8006:2010 [2] and Li & His, 
2016 [4]. 
 
Stability assessments for topping-up the seawall 
crest level were therefore carried out with allowance 
for reinforcement from the in situ basal geotextile, 
however capping the available tensile strength at 
the back-analysed present-day axial force. It should 
be noted that the present-day axial force compared 
well with the design strength calculated by reducing 
the ultimate tensile strength by partial material 
factors associated with creep, manufacture, 
installation damage, environmental effects and 
factors to limit strain to 5%.      

Geotechnical investigations were carried out to 
inform the detailed design. Investigations comprised 
Cone Penetration Tests (CPTs), vane shear testing, 
pore pressure dissipation testing and undisturbed 
sampling for laboratory triaxial strength testing. The 
primary purpose of the investigations was to confirm 
the current consolidation and strength status of the 
critical Holocene foundation soils. Several of the 
CPTs were carried out beneath the seawall crest 
and inner berm via pre-drilling and casing through 
the rock fill bund. 
 
The investigations indicated that, on average, the 
Holocene clays had reached around 60-70% 
excess pore pressure dissipation, and experienced 
corresponding strength gains, in general agreement 
with observed settlement behaviour (Figure 5). An 
example of interpreted subsurface undrained shear 
strengths demonstrating the strength gain beneath 
the seawall crest compared to virgin ground is 
shown in Figure 10. 
 
Design profiles assessed from the CPT-interpreted 
undrained shear strengths were adopted using a 
total stress analysis approach in the limit equilibrium 
stability analyses.  
 
For the critical East Bund, the results of the stability 
analyses indicated that topping-up to RL 3.5 m 
could be achieved without extension of existing 
stability berms. In contrast, topping-up to RL 4.0 m 
would necessitate the extension of existing berms 
at the toe of the inner slope (Figure 9).  
 

 
Figure 10   CPT-interpreted undrained shear strength of 
virgin ground (grey) and soil beneath seawall (green)  
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The analyses also suggested constraints needed to 
be placed on temporary access platform locations, 
heights, construction machinery loading and 
stockpiling widths/heights in order to manage the 
risks associated with geotechnical stability during 
upgrade construction. These details were 
communicated to contractors as part of the drawing 
sets and project technical specifications.  
 
8. Instrumentation and Monitoring 
During the geotechnical investigation, several 
inclinometer casings were installed to allow for 
stability of the bunds to be monitored during, and 
following the completion, of upgrade construction. 
Analyses identified that stability of the seawall bund 
is most critical during low tide, and therefore the 
inclinometer monitoring program mandates carrying 
out inclinometer readings immediately after extreme 
low tides.  
 
The repair design also includes the installation of 
settlement plates/markers so that the ongoing 
settlement of the seawall can be monitored to inform 
any future upgrades.  
 
9. Early Contractor Involvement Phase  
With the aim to maximise value for money, Port of 
Brisbane Pty Ltd has utilised an Early Contractor 
Involvement (ECI) phase involving three industry 
leading contractors.  The preliminary 60% design 
documentation with a final design level of RL3.5m 
was used in the ECI phase.  Considering the locality 
of the seawall and difficulty in access, the key 
objectives of the ECI phase were to seek budgetary, 
constructability and program input from the 
contractors.   
 
Workshops were held with all three contractors 
where the design documentation and 
constructability were scrutinised.  The feedback 
from the contractors was found to be valuable and 
was provided to the designers in design workshops 
for consideration for the final detailed design.  The 
key findings from the ECI phase were: 
 

• Construction of the stability berm is the most 
challenging.  To achieve the best value for 
money, the stability berm needs to be placed 
from land rather than over water;  

• Based on the 60% design, stability berms 
contributed to 75% of the construction cost; 

• Raising the final design level to RL 4.0m is 
possible with marginal increase in construction 
cost compared to RL 3.5 m due to efficiency in 
the construction method. 

 
10. Conclusion 
The FPE seawall has settled to a level close to 
Highest Astronomical Tide and topping-up is 
required as soon as practicable. The structure in its 
current state is generally in a fair to marginal 

condition. Wave overtopping poses a significant risk 
to the armour stability.  
 
Repair design was undertaken, specifying the 
topping-up of the FPE seawall to provide armour 
stability under increased overtopping conditions due 
to climate change, ongoing settlement and reduced 
crest width. Two repair designs were provided to the 
Port of Brisbane, to top-up to RL 3.5 m PD and 
4.0 m PD. Topping-up to RL 4.0 m PD requires 
stability berms to be constructed, resulting in higher 
costs compared to the RL 3.5 m PD option. 
However, it is estimated that the RL 4.0 m PD option 
will last twice as long before the next top-up is 
required.  
 
Both design options are anticipated to be tendered 
in early July, with a selection of the final option to be 
based on a combination of engineering, 
constructability and budgetary considerations,  with 
works on site to commence shortly after the tender 
process.  
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Abstract 
An integrated modelling framework is presented for forecasting moored vessel motions, line loads and berth 
infrastructure loads due to both gravity and infra-gravity (long period waves) wave conditions at ports.  
A long period wave forecast methodology is developed using a phase resolving wave model to generate a 
large matrix of wave conditions to provide two-dimensional surface elevations and wave fluxes at berths. A 
machine learning algorithm is applied in real-time to scale the two-dimensional wave fields to correct for biases 
in the transformation matrix. 
  
The corrected wave fields are then used as forcing inputs to dynamic mooring analysis together with wind 
and/or currents to model the vessel motions, line and infrastructure loads at any berth in a port. The integrated 
modelling framework is delivered to port users through the NCOS Online Mooring Analysis (MA) solution. 
NCOS Online MA provides ports with a robust, physics-based modelling framework that can be used by any 
port to increase operability and ensure safe mooring of vessels at all times, through visibility of forecasted 
wave conditions and the interaction with moored vessels in the port.  
 
Keywords: Long Period Waves, Port Operations, Decision Support System, Dynamic Mooring Analysis, 
Machine Learning. 
 
1. Introduction 
The accurate forecast of wave conditions, for long 
period waves in particular, in ports and their 
interactions with moored vessels is of great interest 
to ports to ensure the safety and efficiency of their 
operations. 
Long period waves often have peak periods that 
align with the natural response period of the vessel-
mooring system. This can cause large vessel 
motions and forces, resulting in unsafe conditions, 
including mooring line parting or infrastructure 
damage. 
A definition of LPW as waves with a wave period 
between 25 and 255 seconds is used here. These 
wave periods can intersect with the natural periods 
of the vessel-mooring systems of commercial 
ocean-going vessels [1]. Swell waves are defined 
as waves with periods between 8 and 25 seconds. 
Sea waves are all locally wind generated waves 
where the wave period is less than 8 seconds and 
are not expected to have a significant effect on the 
safe mooring or operations of commercial ocean-
going vessel at berth. 
 
2. Integrated Mooring Safety Decision 

Support Modelling Framework 
An integrated framework for forecasting vessel 
motions and forcings from long period waves and 
swells at berth is developed as a part of the NCOS 
Online Mooring Analysis solution. The forecasting 
framework methodology is presented in Figure 1. 
The forecasting of swells and LPW conditions inside 
the berth is based on an offshore-inshore wave 
transformation matrix created from a three-
dimensional phase resolving wave model. The 
surface elevations and fluxes for each wave 
scenario in the wave matrix is stored in a database 

to be used in the dynamic mooring analysis 
forecasts.  
A machine learning correction algorithm, trained 
from measured data in the port, is applied in real 
time to correct transformation biases in the available 
wave matrix scenarios relative to the observed 
conditions. 
 

 
Figure 1 Flow chart of the methodology used for the 
implementation of the mooring safety decision support 
modelling framework.  Blue is the automatically run items 
by the tool. Red are inputs that are needed to set up the 
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models, so these need to be known a priori. Green is the 
user specified mooring scenario. 

A vessel-mooring scenario is created by a user in 
the NCOS Online MA web interface. Dynamic 
mooring forecasts are then executed using the 
corrected wave fields to calculate the maximum 
motions, line and infrastructure loads and generate 
automated alerting and reporting information for the 
port user. 
This provides an accurate, physics-based forecast 
of motions and forces from long period waves, 
tailored to each specific vessel and mooring 
arrangement which can be used as a decision 
support system for ports all around the world to 
ensure safety and maximize berth operability. 
 
3. Generation of LPW 
LPW can cause problems for safe mooring of large 
ocean-going vessels, as the LPW frequencies can 
align with the natural frequencies of the vessel and 
mooring systems, resulting in large responses [1]. 
LPW energy in ports can be generated by several 
processes associated with the propagation and 
interaction of the primary gravity wave fields in 
shallow water. 
In shallow water, triad interactions between primary 
wave harmonics lead to substantial cross-spectral 
energy transfer over short distances. During 
shoaling, more energy is transferred into bound 
sub-harmonics and super-harmonics which then 
travel, phase-locked, with the primary wave train. 
During this process, part of this energy can be 
released as free harmonics. As the waves break, 
the primary waves and the super-harmonics will 
dissipate, enabling a gradual release of the bound 
sub-harmonics. This results in free long waves 
moving towards or along the shoreline [2].  
Individual waves in a wave group also break at 
different depths, and this leads to large, time varying 
gradients of radiation stresses in the breaker zone. 
This mechanism can act as a local forcing of free 
long waves at the group frequency and its higher 
harmonics. These ‘free’ waves then propagate in 
onshore and offshore directions [3] [4].  
These processes are usually the largest drivers for 
the generation of long period waves in the 
nearshore area.  To accurately model the 
generation and propagation of LPW in ports and the 
nearshore area, sophisticated numerical wave 
models are required. 
 
4. Overview of Numerical Models 
Three different numerical models developed by DHI 
are applied in the NCOS Online MA solution. These 
are presented below. 
 
4.1 MIKE21 SW 
MIKE21 Spectral Wave (SW) is DHI’s third-
generation spectral wind-wave model. The model 
can simulate the growth, decay and transformation 
of wind generated waves and swell in offshore and 
coastal areas. 

The fully spectral formulation is based on the wave 
action conservation equation, as described in [5] [6]. 
It includes the following physical phenomena: 
• Non-linear wave-wave interaction; 
• Dissipation due to white-capping;  
• Dissipation due to bottom friction; 
• Dissipation due to depth induced wave 

breaking; 
• Refraction and shoaling due to depth variations. 

 
4.2 MIKE3 Wave FM 
MIKE3 Wave FM is a next generation wave model 
based on the three-dimensional incompressible 
Reynolds-Averaged Navier-Stokes Equations 
(RANS). The surface variation is described using a 
sigma coordinate transformation approach. 
It employs a flexible mesh with vertical layers 
distributed using either sigma- or z-layers, or a 
combined approach [7]. 
It can effectively and accurately model physical 
phenomena such as: 
• Wave transmission and reflection;  
• Surf and swash zone hydrodynamics;  
• Non-linear wave transformation; 
• Wave breaking; 
• Diffraction; 
• Transformation of steep non-linear waves. 
 
It has several improvements over the more 
typically used Bousinessq wave models. These 
amongst other include: 
• No deep-water restrictions, can be used for 

nonlinear waves even in deep water;  
• Fully three-dimensional with 3D kinematics;  
• Handling wave breaking and very steep waves. 
MIKE3 Wave FM has been validated extensively 
against other models and measured data [8]. 
 
4.3 MIKE21 MA 
MIKE 21 MA is a DHI’s moored vessel dynamic 
response model. 
It solves the equation of motion for the floating 
vessel in all 6 degrees of freedom in the time 
domain, subject to fully non-linear mooring line and 
fender forces [9].  Automated mooring systems can 
also be simulated, including Trelleborg’s DynaMoor 
and AutoMoor units. 
The model outputs consist of time series of vessel 
translation and rotations (surge, sway, heave, roll, 
pitch and yaw) and forces in all lines, fenders and 
bollards. 
The moored vessel response model consists of two 
sub-components: 
• Frequency Response Calculator (FRC) – 

Calculates the frequency dependent response 
of a floating or fixed structure represented by a 
3D panelised grid of the vessel hull.  

• MIKE 21 MA – Uses the frequency response 
functions calculated by FRC to calculate the 
time-varying diffraction force acting on the 
vessel due to an incident 3D velocity potential 
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and fluid pressure field, as well as external 
forces from wind and currents. It solves for the 
vessel motions, fender, bollard and line forces 
in the time domain. 

MIKE21 MA utilises two-dimensional surface 
elevation and wave flux outputs directly from other 
MIKE models for simulation of the vessel wave 
response. 
The MIKE21 MA model has been verified against 
physical modelling in [10], and it has been used 
extensively all over the world for dynamic moored 
vessel analysis.  
 
5. Modelling Methodology 
The following section describes the detailed model 
setup, calibration and processing methodology 
applied.  
 
5.1 Wave Modelling 
5.1.1 Spectral Wave Model 
The model is set up as a triple-nested spectral wave 
model, with the largest being a global model which 
is included to ensure energy and swell waves from 
oceans far away from the port. The next model is a 
regional model which has a finer mesh and will be 
the primary model for the generation of wave energy 
outside the port.  
Finally, a local model, covering the local area 
outside the port where the water is shallower, uses 
a much finer mesh to accurately model 
transformation of the waves. 
This nested model approach is used to decrease 
the total run time of the model while ensuring that 
the generation and transformation of waves at all 
scales are included, and the mesh resolution is 
increased as the water depth decreases.  
This MIKE21 Spectral Wave model is calibrated 
against wave buoys in the regional model and 
against the port wave buoy in the local model. 
 
5.1.2 Phase Resolving Wave Model 
For the MIKE3 Wave FM model, a domain covering 
the port and the nearshore area is used for the wave 
modelling. This area should extend to a depth of 30-
40m to ensure that the full wave transformation is 
captured properly. It is also important to ensure that 
all beaches, where long period wave energy could 
be generated and enter the port, are included. 
These beaches should have high quality 
bathymetric data to describe their slope which is 
important to accurately model the long period wave 
generation and reflections. 
An example model domain for a MIKE3 Wave FM 
Model developed at PrimePort Timaru can be seen 
in Figure 2 below. 
This shows quite a large model domain with all 
nearby beaches included. This model had a varying 
grid length between 3.5m to 12m. 

 
Figure 2 Bathymetry and model extent used for the 
MIKE3 Wave FM Model at Port of Timaru. Coordinates 
shown are in NZGD2000, and depths are shown relative 
to Mean Sea Level (MSL). 

The phase resolving models can very accurately 
model wave propagation and transformation, but 
their large computational requirements are such 
that it is not currently feasible to use these models 
in real time forecast applications. 
The developed MIKE3 Wave FM model is calibrated 
against several wave events where measured long 
period wave and swell data from inside the port 
exist. For the calibration, full 2D spectra from a 
MIKE21 SW model hindcast is used as boundary 
conditions. 
 
5.2 Wave Matrix 
The calibrated M3 Wave FM model is used to run a 
large wave scenario matrix covering the range of 
offshore wave conditions of interest at the port. 
These wave conditions are run at various tidal water 
level states to account for variations in wave 
conditions associated with changing depths 
offshore and in the port. 
The simulations are executed on the Gadi 
Supercomputing system at Australian National 
Computing Infrastructure (NCI).  
For each wave scenario in the matrix, the Hs LPW 
and Hs Swell inside the port basin is extracted at all 
berths of interest, and the surface elevations and 
wave fluxes at the berth pockets of interest are 
saved. 
 
5.3 Real Time Forecasting  
A two-staged process is applied for forecasting the 
wave conditions inside the port basin in real time. 
The first part selects the closest stored wave 
scenario in wave matrix database, using the 
forecasted offshore wave conditions to interpolate 
between the model scenarios in the MIKE3 Wave 
FM wave matrix.  

Port of Timaru 
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To minimize the error in the wave forecast from 
variance in  waves and model bias, a machine 
learning correction is then subsequently applied to 
the selected wave scenario. 
 
5.3.1 Wave Matrix Approach 
A four-dimensional interpolation algorithm is used to 
find the closest Hs Swell and Hs LPW wave 
scenario inside the basin in the database from the 
forecasted wave conditions offshore produced by 
the MIKE21 SW model. 
The finite wave transformation matrix is not always 
able to accurately capture all wave conditions in the 
port, due to for example complex bimodal or even 
multimodal sea states in both frequency- and 
direction-space. 
 
5.3.2 Machine Learning Corrections 
To correct biases in the physical wave matrix 
transformation approach, a machine learning (ML) 
model for predicting the error between measured 
Swell Hs and LPW Hs and the wave transformation 
matrix (WM) modelled wave heights is used. 
The model can be trained using any number of 
variables that could have an impact on the local 
wave climate, and the included variables will 
change on a case-by-case basis. 
For PrimePort Timaru, the model is trained by using 
measured wave height data together with 
hindcasted Hs Swell, Tp Swell, MWD Swell, Tide, 
DSD of the entire spectrum and ε2 of the entire 
spectrum where ε2 is the narrowness parameter of 
the wave spectrum [11] given by Equation (1).  
 

𝜀𝜀2 = �
𝑚𝑚0∗𝑚𝑚2
𝑚𝑚1
2 − 1   (1) 

where m0, m1 and m2 are the zeroth, first and 
second moment of the wave spectrum, respectively, 
defined by Equation (2) below: 
 

𝑚𝑚𝑛𝑛 = ∫ 𝑓𝑓𝑛𝑛𝑆𝑆(𝑓𝑓)  𝑑𝑑𝑓𝑓∞
0   (2) 

where 𝑓𝑓 is the frequency, and 𝑆𝑆(𝑓𝑓) is the spectral 
energy at frequency f.  
The machine learning model is developed by using 
a train-develop-test split of the data where the 
training data is used to train the model and the 
develop part is used for the tuning of the model’s 
hyper-parameters. Finally, the accuracy of the 
model is validated against the test part of the 
dataset. 
The machine learning model is developed by using 
the SciKit-Learn package for Python [12]. After 
testing, a model using both a random forest 
algorithm [13] and a Multi-Layer Perceptron model 
[14] [15], which is a type of neural network, was 
found to give the best results. 
Table 1 below illustrates a correlation matrix 
showing the importance of each parameter used to 
train the machine learning model. A higher 
correlation means that the value is more important 
for the model to accurately predict the error. The 

peak wave period is the best indicator for estimating 
the error. The significant wave height, mean wave 
direction and directional standard-deviation are 
approximately equally important, and the tide and 
spectral narrowness are the least important at this 
location. 
Table 1 Correlation matrix for the developed model 
showing the importance of each parameter used for the 
development of the machine learning model to accurately 
predict the error. 

Hs Tp MWD Tide 𝜺𝜺𝟐𝟐 DSD 
0.173 0.371 0.166 0.053 0.071 0.168 

 
Figure 3 show a time series plot comparison of the 
test part of the dataset of measured and modelled 
Hs LPW and Hs Swell, respectively, at the port. An 
uncertainty of the estimated wave heights is also 
illustrated. 
The machine learning corrected Hs LPW shows a 
good fit to the measured results. 
 

 
Figure 3 Timeseries Plot showing a comparison of the 
measured and modelled Hs LPW. Blue is the developed 
model, and black is the measured data. The Mean Error 
(ME), Root-Mean-Squared Error (RMSE) and R-squared 
values are also shown. 

5.4 Model Wave Input Pre-processing 
The modelled surface elevations and fluxes at the 
berth are split into the swell and long period wave 
parts using high and low pass filtering of the MIKE3 
Wave FM result files. 
Using the corrections found from the machine 
learning corrections for swell and LPW, the 
modelled surface elevations and fluxes of the 
closest events are scaled linearly to match the 
forecasted wave conditions at the berth, following 
Equation (3) and (4). 

𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜂𝜂 ∗ 𝐹𝐹𝑠𝑠   (3) 
where η is the surface elevation time series of the 
wave signal, and 𝐹𝐹𝑠𝑠 is the scale factor of the wave 
signal. 

𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃
ℎ+  𝜂𝜂

∗ 𝐹𝐹 𝑠𝑠 ∗ (ℎ + 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)   (4) 
where P is the depth integrated wave flux in either x- 
or y-direction, and h is the water depth. 
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This gives a scaled result file for both the swell and 
LPW part of the wave. These are combined using 
linear superposition to give the combined scaled 
spatially and temporally varying surface elevation 
and wave flux at the berth for a single offshore wave 
condition in forecast. 
 
6. Dynamic Mooring Analysis 
The scaled surface elevation and wave flux 
algorithms are used as inputs to a dynamic mooring 
simulation. 
The mooring simulations can be coupled with high 
resolution wind forecasts from WRF models [16], for 
example, or other sources, and currents from a 
hydrodynamic model run in forecast mode to give 
the total forcing on a vessel at berth. 
This entire environmental forecast is coupled inside 
the NCOS ONLINE Mooring Analysis tool. 
 
6.1 NCOS Online MA 
NCOS Online MA dynamically forecasts vessel 
motions and port infrastructure loads or provides 
planning analysis of moored vessels to find limiting 
environmental forcing conditions. 
The port mooring infrastructure is loaded into the 
system, which is then displayed on the webpage 
and used when configuring moored vessel 
scenarios. This includes the exact locations and 
elevations of berth fenders and bollards. The safe 
working load of bollards, maximum reaction force of 
the fenders and fender reaction-deflection curves 
are also used. 
A user can add a new scenario, simply by writing 
the vessel name, and all vessel particulars are 
automatically filled out, except loading condition and 
metacentric height which are input by the user from 
the incoming vessel data sheet. 
The user then selects the berth to be used, and a 
static pre-screening is done to ensure that only 
berths with adequate depth and berth infrastructure 
for the chosen vessel are shown. 
A mooring arrangement from one of the standard 
mooring arrangements can then be chosen, and an 

optimized mooring arrangement is then found by 
balancing line lengths, line angles and taking the 
maximum number of lines to each bollard into 
account. These mooring arrangements can easily 
be changed by the user, or the vessel can be 
warped up or down the berth. 

 
Figure 4 Screenshot from the NCOS Online MA tool 
showing a 3 x 2 x 2 (head/stern lines x breast lines x surge 
lines) fore and aft line plan for a 180m bulk carrier at a 
berth. 

 
6.2 Dynamic Mooring Forecast 
From the chosen user inputs, a matrix of MIKE21 
MA setups is created using the chosen berth 
infrastructure, vessel characteristics and line plan, 
together with the forecasted environmental 
conditions. 
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Figure 5 Snapshot of part of the automatically generated report for a moored vessel with wind and wave forcing at a berth. 
Warnings, where motion or force limits are close to being reached, are shown, and failures, where the framework shows 
exceedance of line or infrastructure loads, are shown in red. These are shown together with the modelled wind speed and 
Hs LPW in forecast. 

Each of these MIKE21 MA setups will correspond to 
a single time step in the forecasted environmental 
conditions where the moored vessel is run for at 
least an hour of model time when using waves.  
The maximum infrastructure and winch/line loads 
are, together with the vessel motions, post-
processed for each model. 
These are then used to create a time series over the 
entire forecast period of the maximum modelled 
loading and motions. 
These are shown in a mooring report, helping the 
port gain visibility and knowledge of: 

• Times where (un)loading operations should 
be stopped or done with additional care; 

• Infrastructure or line/winch loading over the 
vessels port call; 

• Times where additional lines could be 
required; 

• Increased operability by not using static 
rules; 

• Reducing unsafe events and near 
incidents. 
 

7. Summary and Conclusions 
A method utilising a wave matrix and machine 
learning correction approach is presented for 
forecasting swell and long period waves inside port 
basins.  
The machine learning correction increases the 
accuracy of the long period and swell wave forecast, 
by reducing biases from only using an interpolation 
matrix of wave conditions. 
A framework for coupling these forecasts for 
forecasting vessel motions and loads using dynamic 

mooring analysis is also presented, and this has 
been developed as part of an online tool in NCOS 
ONLINE MA. 
The tool can be used by port authorities or berth 
operators to forecast infrastructure and line loading 
as well as vessel motions.  
This method can be used instead of static methods 
to increase operability, but it can also be used to 
forecast risk and avoid incidents. 
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Abstract 
The Special Recreational Vessel Act 2019 (SRV Act) was put in place by the Australian government to enable 
foreign-flagged superyacht vessels to visit Australia and conduct commercial activities without being regarded 
as imported under customs legislation. The passing of this legislation marked a significant milestone for the 
development of superyacht industry in Australia, which has direct and indirect economic impact on the wider 
marine, boating and tourism industries. Considering the benefits to the Australian economy, it is important for 
Australia to understand its current impediment to growth and its competitive advantages in the superyacht 
market. This paper will discuss the following three factors, which are critical to growing Australia’s superyacht 
industry: Understanding and responding to the superyacht industry’s changing needs, marine infrastructure 
planning and investment into tourism destinations. 

 
Keywords: Recreational Boating, Marine Infrastructure, Superyacht, Special Recreational Vessel Act, 
Zero Emission. 

 

1. Introduction 
In 2019, Australia passed the Special Recreational 
Vessel Act 2019 (SRV Act), which allows granting 
of temporary licences for ‘special recreational 
vessels’ (which refers to superyacht vessels) under 
the Coastal Trading (Revitalising Australian 
Shipping) Act 2012 (Coastal Trading Act). This in 
turn enables superyacht vessels to visit Australia for 
up to 12 months and conduct commercial activities 
such as chartering, without being regarded as 
imported under customs legislation and be liable for 
10 percent GST (Goods and Services Tax) on the 
value of the vessel. The passing of this legislation 
marked a significant milestone for the development 
of superyacht industry in Australia and has made 
positive impact on the industry. 

 
The granting of temporary licences under the 
Coastal Trading Act is a short-term solution to 
address the immediate market needs. In 2021, a 
Special Recreational Vessel Amendment Bill 2021 
was passed to extend the sunset provision (Clause 
17 of the SRV Act) by two years to allow time for the 
development of long-term regulatory reforms to 
address the needs of superyacht industry, which is 
linked to the amendments in the Coastal Trading 
Act. 

 
The word “superyacht” is a broad term used to 
describe a luxury yacht (motor or sail powered) that 
has a load-line length of greater than 24 m and is 
typically professionally crewed with a captain [13]. 
Currently, there is no global standardised definition 
and consensus, and other terms such as 
“megayacht” and “gigayacht” are often used in the 
industry to categorise yachts longer than 60 m and 
90 m, respectively. 

Based on various sources and publicly available 
data, the current global superyacht fleet size is 
estimated to be in the order of ~6,000 vessels. A 
quarter of these vessels are estimated as available 
at any given time for charter activities, while the 
majority remains exclusively for personal use, with 
this number continuing to grow as new built vessels 
become available. According to various superyacht 
industry intelligence reports, the global fleet is 
growing at approximately 150 new build per year. 
Furthermore, it is also worth noting that most yachts 
are, in essence, never scrapped. The average 
lifespan of a yacht is estimated to be around 20-25 
years, with a major refit “restarting” the clock. As a 
result, aside from fundamental questions about the 
sustainability of such a model, the average age of 
operating superyachts is high (around 20 years old) 
and destined to increase. 

 
2. The Impact of COVID19 
Over the past 24 months, the impact of COVID-19 
played out in ways that many people could not have 
predicted. For Australia and New Zealand, the hard-
border and lock-down approaches have been 
largely successful in protecting the health of its 
people and the local economy. With the 
international borders closed for a considerable of 
time, the domestic recreational boating and 
superyacht industries are experiencing strong 
demand, as many consumers redirect their 
expenditures from overseas holidays and luxury 
cruises into domestic holidays and leisure activities. 
Due to international border restrictions and the 
health-risks associated with international travel, 
COVID-19 has also prompted a number of 
Australian owners to relocate their superyacht 
vessels from the Mediterranean to Australia [8]. 

895



Australasian Coasts & Ports 2022 Conference – Christchurch, 11 – 13 April 2022 
Recreational Boating and Marine Infrastructure to Meet the Future Needs of Superyacht Industry 
H Sunarko, M Magherini, B Saunders 

 

Unfortunately, the hard border approach has had an 
impact on segments of the market that rely on 
international tourism as seen on events such as the 
36th America’s Cup in New Zealand. The America’s 
Cup was one of the drawcard events in the Asia 
Pacific region, able to attract superyacht vessels 
into the region. There were reportedly ~160 
superyachts booked in, or on their way, to New 
Zealand for the event; however, ~110 of those 
vessels were forced to cancel their plans to visit 
New Zealand as a result of COVID-19 [12]. 

 
3. Economic Benefits and Impediments to 

Growth 
Data released by Superyacht Australia at the 
Australian Superyacht, Marine Export and 
Commercial Industry conference (ASMEX) 
indicated that in Australia; foreign flagged 
superyachts stayed an average of 128 days in 2020 
compared to an average of 73 days in 2019. The 
economic impact of superyacht market in 2020 was 
estimated to be in the order of $100 million [18]. The 
economic contributions from the superyacht 
industry can be seen through expenditures in 
chartering, berthing fees, fuel costs, vessel 
maintenance, repair and refit. On average an active 
vessel spends between 10% and 12% of the vessel 
value in maintenance each year [2]. 

 
Considering the benefits to the Australian economy, 
it is important for Australia to understand its current 
impediment to growth and its competitive 
advantages in the superyacht market. This paper 
will expand on previous works [17], and discuss the 
following three factors, which are critical to growing 
Australia’s superyacht industry. 

 
 Understanding and responding to the 

superyacht industry’s changing needs. 
The superyacht industry is a highly technological- 
driven industry. The global trends are indicating 
that, on average, superyachts are increasing in size. 
The industry is also embracing new technologies to 
reduce its carbon emission. Interestingly, recent 
year statistics report a growing interest for 
alternative type of propulsions (hybrid, diesel- 
electric, and others) and, in general, a more 
“sustainable” boating experience. 

 
 Marine Infrastructure Planning & Investment 
There are a number of facilities in Australia that can 
currently cater for the superyacht industries, from 
berthing, manufacturing, maintenance and refit. 
However, for vessels longer than 50 m, the options 
are limited. It is also important to note that most of 
the existing recreational boating and marine 
facilities in Australia were designed at times when 
the superyacht fleet was comprised of 
comparatively smaller vessels to today’s fleet. 

 Investment into Tourism Destinations 
As superyacht visitation numbers rise in the future, 
an increasing number of vessel owners, captains, 
and charter operators will look for new experiences 
away from the popular Sydney Harbour and the 
Great Barrier Reef. In order to accommodate this 
transition, planning, promotion, and investment into 
new destinations is required. Furthermore, together 
with neighbouring countries, the region can 
increase the destination density and transition into 
a more compelling region for superyacht visitation. 

 
4. Overcoming the impediments to growth 

 
4.1 Understanding of Superyacht Fleet and its 

Trend 
To understand the market needs, it is important to 
have a line of sight on current fleet and the market 
trends. 

 
4.1.1 Current Fleet Data 
The following high-level consideration may be 
undertaken when assessing key characteristics of 
superyacht fleet segments: 

 
• Dominated by series production builders, the 

30-40 m segment it is recognised to represent 
the market foundation, retaining the larger 
percentage of units over the total fleet. 

• The 40-60 m fleet has increased significantly in 
unit quantities within the last decade. With a key 
regulation threshold being applied around these 
lengths (i.e. sub/above 500GT), this segment 
offers quite a variety of vessel characteristics. 
Most vessels within this segment resemble 
production or semi-custom pedigree. 

• The 60-90 m market delivers around 15 new 
units per year. Successful shipyards at these 
lengths are specialised in fully custom and/or 
semi-custom approach. 

• The 90 m+ segment is business for the fully 
custom builders. Considered by marketers to be 
one of the least stable and difficult arenas to 
predict future demands, trends have shown a 
slow average increase in yearly number of units 
delivered. 
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With regards to typical superyacht main particulars, 
Figure 1 and Figure 2 show respectively trend lines 
for Beam and Gross Tonnage values as function of 
vessel Length Overall (LOA). Trend lines are 
extrapolated by the Lateral in-house database of 
Large Yacht Statistics, which captures a range of 
data from a combination of Lateral’s project work 
and publicly available information and statistics. 
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Figure 3: Propulsion type of new  build  motor  yachts (60 
m+) vs years. Note: 2021 data up to the time of writing 
(June 2021) 

 

 
 
 

Figure 1: Superyacht Fleet – LoA v Beam 
 

 
Figure 2: Superyacht Fleet – LoA v GRT 

 
4.1.2 Trends for Future Fleet 
Looking at the future of the global superyacht fleet, 
propulsion system advancements are of significant 
relevance in the context of assessing infrastructure 
needs. This is particularly evident at the larger scale 
of the fleet. 

 
Figure 3 and Figure 4 show numbers of new build 
diesel-mechanical vessels delivered yearly against 
any other type of propulsion (diesel – electric, 
electric hybrid systems, electric system powered by 
photovoltaics, wind assisted, and others) for the  60 
m+ and the 90 m+ segments, respectively. 
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Figure 4: Propulsion type of new  build  motor  yachts (90 
m+) vs years. Note: 2021 data up to the time of writing 
(June 2021) 

While diesel powered engine continued to dominate 
the market, the collected data shows a steady level 
of interest for alternative type of propulsion. 
Moreover, the ratio of launched superyachts with 
either hybrid or diesel electric propulsion systems, 
against total launched vessels in a given year 
increases for longer vessels (length above 90 m). 

 
4.1.3 Alternative type of propulsions 
In order to meet The International Maritime 
Organisation’s   (IMO)   strategy   to   reduce   𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 
emissions to 50% of 2008 shipping levels, by 2050 
[10], every player in the superyacht industry supply 
chain has a role to play. It is well documented that 
joint efforts are being pursued by the wider maritime 
and shipping industry to expedite the 
decarbonisation of the industry. 

 
The adoption of alternative green fuels (such as 
green ammonia and green hydrogen) is an 
important component in the process of reaching the 
IMO’s goal. Alternative fuel technology are being 
investigated across the wider maritime industries. 
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However, it shall be acknowledged that there are 
works to be done across the value chain to make 
green fuels the new normal. Some of these works 
include commercialisation of direct ammonia 
combustion engine, regulatory approval process to 
allow bunkering for new form of fuels and supply of 
green fuels. 

 
It is unlikely that one form of green technology will 
meet the needs of the whole maritime and shipping 
industry. 

 
The evidence suggests that green energy pushed 
through the grid in the form of electricity, will allow 
the distribution of green electricity at local key 
refuelling/recharging stations, for direct use 
onboard a yacht or via refuelling vehicle. Within this 
scenario, shore power capacities at large marinas, 
and the availability of green electricity at berth, will 
play a pivotal role in supporting superyacht 
electrification. Battery technology is starting to be 
adopted in the commuter ferry market. Ferry and 
yacht journeys are often a few hours in duration, or 
in the case of commuter ferry daily operation with a 
dedicated home port, which provide the opportunity 
for frequent refuelling. 

 
Green  Hydrogen  (𝐻𝐻𝐻𝐻2)  based  fuels  in  the  form  of 
liquified or compressed hydrogen are an area which 
is currently experiencing increased attention and 
undergoing serious research and development. In 
simple terms, hydrogen is converted into electrical 
energy through the use of onboard fuel cells. The 
only bi-product of this process is water. A hydrogen 
powered yacht currently face some technical 
compromises when compared with yacht with 
internal combustion engine, some of the 
compromises may include higher equipment space, 
impact on top speed and range, higher maintenance 
costs. Despite this, a hydrogen powered yacht will 
provide some unique advantages, including the 
possibility of cruising without leaving any trace 
behind, no odour and exhaust dirt, and the potential 
for quiet sailing. 

 
Ammonia is the simplest hydrogen carrier using 
nitrogen. Ammonia as marine fuel has the potential 
to meet the needs of the superyacht industry. 
Ammonia has the potential as direct use fuel for 
marine engine. Green ammonia, which is produced 
from renewable energy provides the best Life Cycle 
Analysis (LCA) greenhouse gas reduction benefit 
on a well to wake basis. When ammonia is 
combusted  in  an  engine,  there  is  no  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2  being 
produced, instead nitrogen oxides (𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶𝑥𝑥𝑥𝑥) and nitrous 
oxide  (𝑁𝑁𝑁𝑁2𝐶𝐶𝐶𝐶)  are  produced.    Nitrous  Oxide  is  a 
greenhouse gas, which are already regulated by the 
IMO. Typically, a ship is equipped with Selective 
Catalytic Reduction equipment in order to convert 
nitrogen oxides into nitrogen and water. A joint 
industry working group led by the Society of Gas as 

Marine Fuel (SGMF) is currently preparing an 
introductory guide for ammonia as marine fuel, 
which will provide further details. 

 
4.2 Marine Infrastructure 

Most of the Australian based recreational boating 
facilities and infrastructures had been designed to 
cater for superyacht vessels up to 50 m in length, as 
this reflected the upper range of the Australian 
domestic superyacht fleet. A statistical summary of 
Australian based berthing facilities in marina, 
marine facilities and commercial ports is provided in 
Table 1 and Figure 3. 

 
With the passing of the SRV Act and the trend, 
which shows that the average superyacht vessel 
size continues to increase annually, these factors 
will in turn put upward pressure on Australia’s 
existing infrastructures. To address this growing 
trend, strategic investment into recreational boating 
infrastructure will be required. 
Table 1: Berth Facility Statistic 

 

 
 

State 

 
 

No. 

Berthing Facility (length in (m)) 

Min Median Max 

QLD 31 25 50 350 

NSW 14 30 45 350 

WA 25 20 116 350 

NT 3 21 30 350 

VIC 4 95 161.5 350 

SA 4 17.5 32.5 350 

TAS 9 20 138 350 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Berthing Facilities – Size Range 
 

4.2.1 Berthing and Marine Facilities 
There are approximately 90 marine facilities that 
can cater for superyacht vessels in Australia. 50% 
of these facilities are located in Queensland (QLD) 
and New South Wales (NSW) (34% and 16% in 
Queensland and NSW, respectively). This higher 
concentration of facilities on the eastern seaboard 
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in QLD and NSW reflects not only the greater 
population density, but also the number of well- 
known and more attractive home port and 
destination options. The eastern seaboard 
destinations are more likely to have access to inner 
city activation areas in the major metropolitan 
regions, as well as well-situated regional centres in 
proximity to popular natural attractions such as the 
Gold Coast, Whitsundays, and the Great Barrier 
Reef. 

 
There are a wide range of berthing facilities in each 
state and territory. At the upper end, large 
superyacht vessels can be accommodated at the 
commercial ports around Australia, however, 
commercial ports are not the ideal berthing location 
for superyachts. The prime location for superyacht 
berthing is close to waterfront urban developments. 
As previously mentioned, majority of existing marina 
and waterfront development facilities were designed 
before the SRV Act, when the superyacht fleet was 
comprised of comparatively smaller vessels, and as 
such, may only have sufficient large commercial 
berthing for local tourism ferry operations. Demand 
for berthing access during peak times can make it 
harder for superyacht vessels to visit even for short 
term destination stays. As more foreign-flagged 
superyachts enter the Australian market, there will 
be additional pressure on the marina services and 
marine infrastructure. Marina owners and operators 
need to start planning for the increased widths, 
lengths, drafts, heights, changes in fuel types and 
utility demands, such as power and water. 

 
Marina design and operational guidelines that exist 
today do not address the specific requirements for 
berthing large superyachts. For marina owners and 
operators, it is important to note that the design 
approach for superyacht vessels is different to the 
current marina design standard outlined in AS 
3962:2020 [6]. The current marina design standard 
is only intended to cater for vessel up to 50 m. To 
accommodate the superyacht vessel, marine 
facilities should be designed to AS4997:2005 [7]. 
Access channel and manoeuvring basin should be 
designed in accordance with relevant industry 
standards such as PIANC and ROMS guidelines 
[13], [14], [15]. 

 
To meet the future needs of the superyacht industry, 
it is important to remember the link between 
infrastructure development and planning 
designations for future areas, which support and 
facilitate private sector investment [9]. Superyacht 
marinas often assist in defining the site, they are 
often located in areas with attractive upland facilities 
and serve as a focal point for activities. This means 
the superyacht marina itself can become an 
attraction and the urban/waterfront development 
layout design should consider superyacht vessels 
as one of its key basis of design. 

 
In many larger master-planned developments, the 
superyacht marina can be one of the most 
expensive components. Though it may only be 
utilised directly by a limited number of people, it 
attracts a large group of indirect users. While these 
indirect users do not directly add to the financial 
performance of the marina itself, they certainly add 
value to all the adjacent facilities. Where well 
planned waterfront activation is available in major 
metropolitan areas, facilities can be successfully 
developed to cater for the superyacht industry. 
However, given the planning constraints, this may 
rely on government policy, planning and 
underwriting to facilitate private investment to 
succeed. An opportunity to attract vessel visitation 
exists in waterfront revitalisation or urban renewal 
projects, in regions featuring a vibrant event 
calendar. 

 
Melbourne’s Docklands is a clear example of 
waterfront reactivation, which catered for 
superyachts, and despite its long gestation and 
trials, it would seem to provide attraction suitable to 
meet the superyachts market needs. This urban 
renewal project also points to the need for 
government support as part of a precinct 
redevelopment. 

 
Demand would indicate a need in Sydney for 
additional berthing facilities, however, due to the 
high-value nature of Sydney’s waterfront property, 
the economic drivers favour high-density residential 
and commercial building. Brisbane is also in need 
for a berthing facility close to city centres with 
activation, where recent revitalisations may have 
missed the opportunity to co-develop facilities for 
superyachts. 

 
In Western Australia (WA), home porting demand 
has driven innovation in redevelopment of existing 
commercial harbour leases to accommodate mainly 
domestic vessels and purpose northern charter 
industry vessels off-season. Opportunity again 
exists in future waterfront redevelopment such as 
Victoria Quay Waterfront Precinct, and future 
redevelopment of Fremantle’s North Quay, to 
accommodate superyachts and foster future 
visitation. 

 
In Adelaide (South Australia), development areas in 
conjunction with Royal South Australian Yacht 
Squadron marina within Port Adelaide would seem 
to provide opportunities. However, locations close 
to urban activation is not possible. Darwin (Northern 
Territory) faces its unique challenges, with tidal 
excursions and cyclonic exposure being a major 
constraint with only commercial wharfage available 
for short service and loading. Redevelopment of the 
old port area or opportunities in redevelopment of 
commercial facilities to include 
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superyacht accommodation could be added to 
future planning scopes. 

 
4.2.2 Superyacht Servicing, Shipyard and Haul-out 

Capacities 
In Australia, there are a broad range of capability for 
wet and dry dock repairs, and as well as new vessel 
construction. One of the key capabilities required to 
attract large maintenance and refit works is the haul-
out capacity of the shipyard or marine facilities. 
Shipyards, with associated haul-out equipment, are 
capital intensive assets operating in a competitive 
global market. In the Australasia region Singapore 
is, and will continue to be, a major competitor for 
ship maintenance and refit works. Considering the 
high capital investment required to be able to 
accommodate large vessels, a Common User 
Facility (CUF) model, as used by the West- 
Australian’s Australia Marine Complex (AMC) 
facility and South-Australian’s Techport facility, is an 
example of how the government can play a pivotal 
role in the development an infrastructure that 
enables the wider marine industry. A similar CUF 
model is being considered by the Northern Territory 
Government in the development of the Darwin Ship- 
Lift and Marine Industries (SLAMI) project and 
Queensland Government - Cairns Common User 
Facility. 

 
A high-level summary of Australia’s Haul-Out 
capacities (tonne) by region is shown below. 
Table 2: Haul-Out Capacity Summary 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note: 
1 12,000T floating dock with 4,652T SPMT capacity 
2 Currently in planning stage – Rivergate Shipyard upgrade to 3,000T 
shiplift 
3 Currently in planning stage - Darwin SLAMI project 5,000T capacity. 
4 Currently in planning stage – Cairns CUF to increase lifting capacity to 
5,000T in the short term and 8,000T in the long term. 

 
Over the last 12 months, there has been a number 
of acquisition/take-overs of strategic marine 
facilities in Cairns (QLD), i.e. Austal’s acquisition of 

BSE, and Varley Group’s acquisition of Norship 
facility [3] [4]. This was driven by the future outlook 
in the naval defence industry, in line with the 
Australian Navy’s Plan Galileo and the investments 
into Regional Maintenance Centres [5]. The impact 
of these acquisitions and the focus on naval vessel 
may in-turn adversely affect the availability and 
capacity to service the superyacht and recreational 
boating market. 

 
Considering the market dynamic in Cairns, this may 
present an opportunity for the Gold Coast (QLD) to 
strengthen its reputation as a world-class 
superyacht maintenance hub and for Newcastle 
(NSW), where land value is considerably lower than 
Sydney’s waterfront and is strategically located in 
between Sydney and Gold Coast, to be an active 
player in the superyacht and recreational boating 
maintenance market. 

5. Investment into Tourism Destinations 
 

5.1 Destinations within Australia 
The Sydney harbour and the Great Barrier Reef are 
bucket list items, which will continue to attract 
vessels owners, captains and charter operators to 
the east coast of Australia. 

 
As the number of visitations increase, it is 
anticipated that the vessels will sail further south to 
Tasmania and across the Northern Territory into the 
Kimberley (WA). The profile of Northern Australia 
was raised on the global superyacht community 
after a visit by Paul Allen’s 126m long vessel 
“Octopus” in 2018 [8]. 

 
The south-west region of Australia is very fortunate 
to have the Australia Marine Complex in Henderson, 
which is considered as one of the best facilities in 
the world for ship manufacturing, maintenance and 
refit. However, superyacht visits to the west and 
south-west coast of Australia remain a challenge 
due to lack of suitable infrastructure to provide 
sheltering during rough weather and elevated sea-
state conditions. 

 
In terms of destinations, there is a good density of 
destination along the west coast of Australia (Figure 
A in the Appendix) to make it attractive for tours and 
visitations. However, investment considerations into 
suitable sheltering and marine infrastructure will be 
beneficial, particularly in high value natural 
destinations such as Exmouth (WA), Shark Bay 
(WA) and Broome (WA). 

 
5.1.1 Destinations – East Indonesia and Pacific 
Similar to the case provided for cruise industry in 
[16], the attractiveness of Australia as a destination 
cannot be seen in isolation but should be 
considered   as   part   of   a   wider   region. In 
collaboration with neighbouring countries such as 
Indonesia, Papua New Guinea and the South 

 
 

State 

 
 

Region 

 
 

Travel Lift 

 
Ship lift 
/Syncro 

lift 

 
 

Slipway 

Drydock 
&    

Floating 
Dock 

WA Perth 35 - 220 8,000 2,000 12,0001 
 

WA 

Mid-West & 
North-West 

Australia 

 

200-320 

 

- 

 
180 – 
3,200 

 

- 

QLD Brisbane 300-600 - 2,5002 - 
 

QLD 

Central - 
North Qld 

(incl. Cairns) 

 

250-400 

 

- 

 

3,0004 

 

350 

QLD Gold Coast 250-300 - - - 

QLD Whitsundays 65 - - - 

NSW Sydney 80-100 800 100 - 

TAS Hobart 70 - 1200 - 

TAS Launceston - 2,160 - - 

SA Adelaide - 9,300 - - 

NT Darwin - 2,5002 - - 
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Pacific Islands collectively, the region can increase 
the destination density and make it a more 
compelling region for superyacht visitation. Efforts 
to promote the region are underway through 
alliances and joint promotion at international boat 
shows. A map showing the density of destination 
through collaboration with Australasian neighbours 
is shown in Figure B in the Appendix. 

 
Considering Indonesia’s plan to develop ten new 
tourism destinations [1], the Northern Territory is 
well positioned to meet the growing need in the 
superyachts that will visit and operate in Indonesia. 
Hence, the establishment of suitable marine facility 
such as the Darwin Ship Lift and Marine Industries 
(SLAMI) complex and berthing facility will be 
integral in shaping Darwin as an attractive 
superyacht hub. 

 
6. Summary 
The growth in the global superyacht fleet along with 
the technological improvements and innovations 
that have been observed over the last few years 
means that marina and marine infrastructure 
owners, operators and planners need to continually 
evolve and adapt to this rapidly changing market. 

 
Despite the disruptions caused by COVID-19, the 
demand for marinas and marine services 
strengthened over the last 12 – 15 months. 

 
The combination of strong domestic demand and 
the SRV Act mean that the opportunities for 
Australia have never been greater, especially as the 
trend for new experiences and destinations 
continues to increase. With sustainable 
development of Australia’s destinations, increased 
focus on greater market understandings, and 
strategic investment into the marinas and marine 
infrastructures, Australia can excel as a world class 
superyacht destination and hub. 
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Figure A: Destinations in Australia 

 

 
Figure B: Destinations in Australia, Indonesia, PNG and South Pacific 
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Abstract 
Understanding the flow and bathymetry changes that have occurred at Newcastle Harbour entrance, since 
completion of dual breakwaters, is necessary to aid in providing long-term erosion solutions to the immediately 
adjacent Stockton beach.  There is good historical data to use for bathymetric changes over the past century, 
but recently acquired LiDAR datasets show new and interesting features that need further study and 
explanation. This work provides a review of 100 years of bathymetric changes to highlight unresolved issues. 
We make use of the phase resolving FUNWAVE software program, coupled with the latest depths to perform 
high resolution flow simulations to provide insight into the interaction between the breakwater structures and 
incident wave patterns typical of major storms. Of particular interest is the observation of low-amplitude 
sandwaves north of the entrance that are now evident on the 2018 LiDAR dataset. The axes of the attached 
sandwaves also appear to rotate closer to the entrance. Their presence in depth ranges 13 m and deeper, 
raises questions as to alongshore sediment transport and the continuity of observed losses in cross-shore 
directions.  A second key feature is the mapped movement of dumped dredge spoils evident from the difference 
in surveys taken from years 2007 and 2018. The contribution of this work, and some early fluid modelling 
calculations, is to provide evidence to support further investigation. 
 
Keywords: LiDAR, bathymetry, erosion, Boussinesq, FUNWAVE, low-amplitude sandwaves, breakwater. 
 
1. Introduction 
Newcastle Harbour is, and has been, a major 
commercial centre in terms of shipping tonnages. Its 
commercial history dates back to early colonial 
times and the first coal exports took place in 1801 
[2]. A feature of the colonial harbour entrance was a 
dangerous rock bar and adjacent shoal, known as 
the oyster bank, to the immediate north of the 
channel. In southerly swells many ships were lost 
there [2].  
 
A dual breakwater system was complete by the end 
of 1912 that addressed the perils of the oyster bank 
but the issue of the entrance rock bar required a 
sequence of blasting and deepening that took place 
from the 1950’s through to the 2000’s.  Currently the 
main harbour at Newcastle has a navigable channel 
depth 15.2 m increasing to some 17-22 m and more 
at the entrance. 
 
Coastal erosion at beaches close to the 
breakwaters and offshore channels is a recognised 
issue [15, 17]. In particular, breakwaters can change 
local wave transformation patterns, inducing large 
scale beach re-alignments (crenulated-shaped 
embayments) [14]. Stockton Beach (Figure 1) 
provides an interesting case study because of its 
proximity to a harbour entrance with a well-
documented history of successive channel 
deepening, long breakwater length, noted erosion 
and several hydro survey datasets. Past studies 
[25, 20]   have acknowledged the key role that the 
breakwaters may have played in interrupting a 
south to north transport of littoral drift, typical of 
many northern NSW beaches. An important study 
by Boleyn and Campbell  in 1966 [1] followed tracer 

materials released south of the breakwaters over a 
4 month period to determine likely sand movement  
and how this movement related to a persistent shoal 
that reappeared in the shipping channel that was 
being deepened from 8-11 m at the time. (This shoal 
is the one that appears in the upper left panel of 
Figure 6). Boleyn’s work provided for estimates of 
the northerly directed littoral drift transport. 
 
The presence of a local deepening, or scour 
surface, immediately next to the northern tip of the 
breakwater had been noted over a long period [10]. 
Scour [10] was observed even when the northern 
breakwater was only partially complete [3, 11].  
 
Because of the commercial importance of the 
harbour entrance, the bathymetry has been 
subjected to repeat surveys since breakwater 
completion. Early methods relied on traditional 
soundings, then echo beams, while the most recent 
survey in 2018 made use of dual beam airborne 
LiDAR. Since breakwater completion there is now 
over 100 years of bathymetric information. The 
latest dataset has confirmed an ongoing erosion 
process not only at the shoreline but also extending 
into water depths beyond the 20m mark. This 
information challenges the often used concept of 
closure depths when applied to sand movement. 
 
Changes in the beach profiles caused by a 
progressively deepened channel entrance had been 
postulated by some workers [24], but the lack of 
high-resolution data had limited the ability to follow-
up these assertions. Stockton Beach drawdown is 
revisited using a 2018 LiDAR dataset. This data, 
when viewed in conjunction with previous 
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mappings, shows ongoing and progressive 
deepening of the beach. In recent times dredged 
sand from the harbour entrance has been placed in 
close proximity to the beach and can be clearly seen 
on the 2018 LiDAR dataset.  Through the use of 
difference mapping, the movement of dredge spoils 
in response to wave driven flows and recirculation 
currents has been observed.  The observed 
features are reconciled further by numerical 
modelling of the wave-averaged recirculation 
pattern resulting from southerly storm swells. 
 

 
Figure 1 Location of Newcastle Harbour and Stockton 
Beach. An offshore wave rose typical of incident waves is 
reproduced from work by DHI [4].  

 
2. Background 
2.1 Past Studies 
The completion of the dual breakwaters provided an 
obstruction to the dominant south-to-north transport 
of littoral drift, which is typical along the northern 
NSW coastline. Studies in the 1960-1970’s 
attempted to quantify the sand moving to Stockton 
across the harbour mouth prior to channel 
deepening and provided estimates (based on 
closure depths of 12m) in the 20,000-40,000 m3/a 
range [1, 25, 4]. With the need to deepen the harbour 
entrance to accommodate larger ships, the removal 
of the entrance bar to obtain close to 18-21 m depth 
at the harbour entrance is likely to have stopped this 
supply, [25, 26]. However, a later study [4] asserted 
transport was still likely across the deepened 
entrance. Numerical studies [4] show that the major 
storm events, driven by swells with strong southerly 
components undergo diffraction at the breakwaters 
and create an impingement point some 4km north 
of the breakwater with large secondary recirculation 
zones behind the breakwater. Rip currents, during 
storms, which are manifestations of these 
circulation currents, have been reported running 
parallel to and offshore from the northern 
breakwater. These rip currents are likely to play a 
role in sand loss from Stockton Beach as 
demonstrated in a difference map provided later. It 
is noted that tides also play a role in sand movement 
at the harbour entrance. This tidal issue was raised 
by King [7] as early as 1911. Umwelt [25] 
commented that the work of Boleyn in establishing 
littoral drift estimates did not resolve issues that ebb 
and flood tides possibly played in relation to sand 

movement. Boleyn did note that in 1966 tidal flows 
had the capacity to move sand at the harbour 
mouth. DHI [4] in the 2006 study (after further 
deepening) provided higher estimates for tidal flow 
and incorporated these flows into their modelling 
approach.  
 
2.2 Area of Interest 
 
For this work our interest focused in and around the 
harbour entrance and the southern portion of 
Stockton Beach adjacent to the northern breakwater 
as depicted in Figure 1. We have confined most of 
our analysis to a study area bounded to the south 
by the northern breakwater and extending north 
some 2km and east into water depth of the channel 
of 18-20 m. 
 
2.3 Depth Surveys and Datums 
We have chosen a set of bathymetric surveys that 
show Stockton Beach depths north of the harbour 
entrance spanning the years 1913 to 2018 as set 
out in Table 1. Recent datasets reported depths 
referenced to AHD (Australian Height Datum). AHD 
datum is close to mean sea level at the nominated 
location. Prior to the AHD datum, from the 1954 
onward ISLW (Indian Spring Low Water) datum was 
adopted in NSW for tide gauges and many local port 
datums [6,12]. The port datum at Newcastle (NPD) 
for the 1913 map [16] was noted at the time to be 
14 ft below the BR mark on the Customs house, that 
turns out to coincide with the present Newcastle 
Port data tide datum that is 1.01m below AHD [6]. 
Hence older map based information is readily 
converted to the AHD datum. 
The hydrographic surveys used were imported into 
a GIS package (e.g. QGIS [19]) using a WGS 84 
projection (EPSG 32745). Recent surveys were 
already in a suitable form. Map data required import 
of images, digitising and geolocation (and 
consistency checking).  
 
Table 1 lists the surveys available for this work and 
provides error assessments. The 2018 dataset was 
considered to have the best precision and accuracy, 
while the 1913 and 1957 contours provided the least 
reliable values. These errors need to be considered 
when interpreting difference maps present later. 
 
2.3.1 2018 LiDAR Dataset 
In the second quarter of 2018, a two beam LiDAR 
bathymetry survey was obtained in the water 
offshore of Stockton Beach [8] and the whole 26km 
bight. This data was considered to be accurate up 
to the 30m water depth mark and was provided at 
5m grid resolution and was reported to provide 
vertical precision consistent with IHO 1b 
requirements [8]. LiDAR signal were reported to be 
extinguished for depths > 40m. 
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Table 1 Hydro Surveys Used. Maps required geolocation 
and digitising as well as datum correction to AHD datum 
at Newcastle 

 
 
Figures 2 and 3 show and 2D and 3D depth profile 
of Stockton Beach extending from the shoreline out 
to the harbour entrance channel. This area of 
interest covers the main swimming beach at 
Stockton extending some 1km offshore. Key 
features visible on this diagram include: 
a) Smooth transitions in beach contours from 

shoreline to channel entrance. 
b) The presence of a scour depression at the 

northern breakwater tip. 
c) An apparent convergence of several depth 

contours to the scour depression [13] indicative 
of rapid and local seabed depth change.  

d) A relative bowl-like seabed shape adjacent to 
beach shorelines interrupted in one point by a 
mound that is interpreted to be placed dredging 
spoils that only appear on this latest survey. 
These spoils are the result of local entrance 
channel maintenance dredging [18] that places 
dredged sand closer inshore on Stockton Beach. 

e) Shoreline attached sandwaves that extend from 
water depths of 10m out to water depths of 20m 
or more. To our knowledge this is the first time 
these features have been noted at Stockton.  

 
A careful examination of the 2018 dataset shown in 
Figure 2 and Figure 3 shows that northern beach 
gradient are 1:42 whereas it transitions to 1:100 
adjacent to the northern breakwater. The former is 
typical of many beach profiles on the NSW coast 
while the latter profile reflects an overall 
accretionary process. Nielsen and Gordon [15] 
present 1850’s shoreline comparisons highlighting 
the degree of accretion that has occurred. Note that 
recent times have recorded shoreline recession 
here. For accretion to have been occurring clearly 
sand has to be transported in a southerly direction 
at times. 
 
2.3.2 Previous Hydrographic Surveys 
Previous datasets based on dual beam sonar were 
available for 1995, 2000 and 2007 from point sets 
provided by NSW Office of Environmental Heritage. 
Several surveys were also conducted using echo 
meters in prior years. One available for 1995 does 
not provide sufficient areal coverage and was not 
used. Datasets for 1913, 1957 and 1988 were 
obtained from digitised contours [25] and required 
conversion from a Newcastle Port Datum.    

 

 
Figure 2. 2018 LiDAR dataset on with 2 km grid. The 
white gaps are unfilled null values present in the 
downloaded data. Note the presence of attached 
sandwaves that have been enhanced using hill shading 
methods.  

 
2.4 Objectives of this Work 
The 2018 survey dataset represents a significant 
improvement in seabed resolution compared with 
past surveys. Our interest focused on the harbour 
entrance and adjacent beach areas where the 
coverage from past surveys was reasonably 
complete. Seabed difference maps were used to 
assess changes in beach structure including a 
persistent shoal present to the north of the northern 
breakwater. Movement of recently placed dredge 
spoils and preliminary numerical models support the 
presence of large scale recirculation patterns 
present during large storms.  
 

 
Figure 3 Enlargement of 2018 dataset close to harbour 
entrance with contour data at 0.2m spacing between 
water depths of 10-16m AHD. Note the scour depression 
in front of the northern breakwater tip and a mound 
located in 8m depth corresponding to placed dredged 
spoils [17]. 

 
 
 

Survey
Date

Format Method
Orig Z

 Datum 
Ref.

Orig.
 Units

x-y Data 
Spacing 

[m]

offset to 
AHD
 [ m ]

Est. x-y 
error
[ m ]

Est. z 
error*
 [ m ]

1913 Diagram/Chart Sounding NPD ft 50 1.01 20 0.3

1957 Diagram/Chart echo NPD ft 50 1.01 15 0.3

1988 Diagram/Chart Echo Sounder NPD m 40 1.01 10 0.3

1995 Digital Echo Sounder AHD m 20 0 10 0.1

2000 Digital Echo Sounder AHD m 12-15 0 5 0.1

2007 Digital Echo Sounder NPD/AHD m 10 0 1 0.1

2018 Digital Airborne LiDAR AHD m 5 0 0.3 0.05

* TVU uncertiainty at a nominal  depth of 20m
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3. Observations and Results  
 
3.1 Seabed Depth Changes 
We have chosen to focus on depth changes off the 
beach in water depths ranging from 10-24m. Less 
focus was placed on shoreline movement. Details of 
shoreline changes can be found in UNSW 
photogrammetry databases as contained in [26].  
 
At this point we make three general observations.  
1) Any notion that erosion events at Stockton are 

purely cyclic over long multi-year time scales is 
not borne out by these datasets.  

2) There appears to be little to no evidence 
supporting the notion that littoral drift is 
replenishing sand lost north of the breakwater.  

3) The 2018 dataset provides evidence to support 
an earlier hypothesis that some sand is swept off 
the beach into the channel [27].   

 
 
3.2 2007 to 2018 Seabed Difference Map 
Figure 4 has been constructed to show changes in 
seabed depth changes for the years 2007 and 2018.  
Two areas of positive change are those associated 
with movement of an offshore bar (seen on previous 
contour maps) slightly northward and another area 
corresponding to movement of placed dredge 
material. Some 20,000 m3 of sand has been placed 
on the beach each year for last several years [18]. 
These dredge spoils are absent on earlier surveys 
and show that placed material is moved both north 
and south. Movement south would appear to be in 
response to storm events driving reverse circulation 
currents firstly south then outwards parallel to the 
breakwater, while northern movement would be in 
response to components of the north-directed 
littoral drift transport that would occur at other times 
A prolonged pattern of north east winds and current 
can also provide for southerly sand movement and 
are consistent with a cyclic component returning 
some beach sand.  
 
Doppler current measurements, in the lee of the 
breakwater showed southerly direction in both 
easterly and southerly waves with storm currents 
measured in the range 0.4-1.0 m/s [4]. 
 
3.2.1 Additional Difference maps 
Figure 5 shows that from 1913 to 1957 there was 
sand and shoreline accretion towards the northern 
breakwater but that there was significant sand 
losses moving north. At these times the harbour 
entrance was still some 8 m deep, and observations 
of sand bars forming near the entrance were 
commonly reported (and also evident as a positive). 
The time 1957 to 1988 represents an interval when 
entrance deepening occurred, which accounts for 
one sand loss area. 

 
Figure 4. Seabed depth differences for the 2018 and 2007 
surveys. Placement of dredge spoils is only apparent of 
the 2018 survey and is evident as a “bulls eye effect”. The 
difference map is interpreted to show connectivity of spoil 
movement north-east and south. Significant shoreline 
losses moving north along the beach and in deeper water 
parallel to the breakwater are apparent. 

 
The second loss area shown was moving further 
north and represents an area that has continued to 
show sand losses and further recession. The 1998 
to 2000 period shows deepening close to the 
beachfront (typically in 2-7 m water depth range). 
This represents major loss of nearshore sand bars 
that in turn provided a dissipation mechanism 
preventing higher energy waves reaching the 
beach. The period 2000 to 2007 appears relatively 
benign with the exception of shoreline sand losses 
moving north. Careful examination of these figures 
shows that the offshore shoal (to the immediate 
north of the northern breakwater tip) has seen a 
consistent growth over the years despite the whole 
area being subject to major sand losses. How this 
shoal is sourced with new sand is a key question. 
 
3.3 Shoreline attached sand waves/ridges 
For Stockton beach the term low-amplitude 
sandwaves, as opposed to ridges, is a more 
accurate description for the features of Figure 6. 
Theoretically, there is a tendency for sand ridges to 
form oriented in an upwind current direction [24]. 
Often sandwaves and subaqueous dunes have 
been found elsewhere [14, 23] and do not always 
follow that orientation. The general theories put 
forward to explain sand ridge and/or 
sandwave/dune formation are either storm driven 
wave currents or strong tidal influence [23].  
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Figure 5. Difference maps plotted per stated time 
difference. Positive values indicate accretion has 
occurred.  

The 2018 dataset now provides visual evidence for 
shoreline forms at Stockton that raise additional 
questions as sand losses are occurring in water 
depths out to the 18 m isobath, yet attached sand 
forms are visible in both shallower and deeper depth 
ranges. This evidence supports the notion for 
deeper Depth of Closure (DoC) and Depth of 
Transport (DoT) concepts [28] likely apply at 
Stockton (for example as used by Boleyn [1] in 
estimating littoral transport). Field data and 
analytical studies have provided strong arguments 
for 22 ±4 m, being the limits for cross-shore littoral 
drift transport (closure depth) [13]. 

 
Figure 6 A 3D perspective view, looking to the SW 
direction, of attached sand forms extending from Stockton 
Beach shoreline. These features from the 2018 survey 
imply a degree of continuity of sand movement as erosion 
changes have been monitored from past survey to occur 
at least to the 18-20 m mark. Sand ridges have an 
amplitude of some 0.5m in 20 m water with 500-1000m 
spacing and both amplitude & spacing increase/scale with 
depth. 

 
4. Modelling Significant Wave Action 
This section presents preliminary models describing 
the movement of storm waves as they approach 
Stockton beach and the breakwater systems and 
undergo transformation. Our focus is on events that 

are expected to have the greatest morphological 
impact [21].  Our intent is to gain an insight into the 
wave averaged currents (i.e. currents averaged 
over several wave periods), flows and amplitudes 
that occur, in and around the breakwaters, and to 
see how these features relate to previous 
observations.  To date we have not modelled tidal 
flows or sediment transport.  
 
4.1 Model Domain 
We have chosen to use the FUNWAVE TVD 
package [22] to model the flow patterns for several 
reasons. Given that few studies exist on beach 
flows at Stockton the use of a public domain code 
was considered helpful and the use of a phase 
resolving Boussinesq model allowed the use of a 
1st-principles approach to visualise individual 
waves. Generally, these types of models model 
nearshore diffraction and refraction events 
adequately. The drawback with these models is that 
they are computationally intensive and slow. 
 
The user needs to select a flow domain such that 
the effect of imposed boundary conditions does not 
impose unreasonable or artificial constraints. In the 
present case this required placing incident wave 
makers a reasonable distance from areas of interest 
and allowing for waves to exit smoothly. In the 
present case exit conditions were facilitated by the 
use of sponge boundaries. It is a user choice how to 
specify the size and placement of these sponges. 
The user must also specify an overall gridding 
strategy.  We used a grid spacing of 5m, consistent 
with the 2018 bathymetry x-y resolution, covering a 
7.2 km by 6 km section of the Stockton Beach / 
break wall system. 
 
4.2 Wave Input 
Given the major storm patterns produce large storm 
waves from the south we choose to orient the 
rectangular grid such that the ‘East’ boundary 
coincided the dominant southerly wave direction. 
Our simulation shown here made use of a 
monochromatic wave generator with Hm =4.0 m and 
Ts of 10 seconds. In the models shown here the 
waves were incident at 165 degrees (15 degree 
from due south).  
 
4.3 First Principles Reasoning 
A first principles approach prior to modelling is 
shown in Figure 7. Here breakwater wave diffraction 
and differential wave set-up further north (Point A) 
suggests  that the higher surface elevation at A will 
drive a reverse flow A to B to C and D. Beyond the 
diffraction shadow of the breakwaters, wave 
incidence drives a shoreline current north of point A.  
 
4.4 Modelling Insights 
Starting from quiescent conditions and with a wave-
maker operating over most of the eastern boundary 
wave propagation was explicitly time stepped for 60 
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minutes (and longer). Funwave [22] allows for the 
calculation of wave averaged, or mean, velocities. 
These averaged velocities, if large enough, 
contribute to sediment movement. It is insightful to 
calculate vorticity from these mean velocities as this 
provides a direct indication as to the presence of 
large scale eddy’s and recirculation. 

 
Figure 7. Pre simulation 1st principles schematic of how 
diffracted wave setup at Point A provides a localised 
raised surface elevation capable of driving reverse 
currents back down the beach. Wave setup at A >B>C, 
water surface elevation at C>D due to velocity head at D 

 
Figure 8. A plot of wave amplitudes after 60 minutes 
showing both breakwater diffraction and refraction as 
bathymetry changes (using 2018 depths). Note the 
alteration of wave amplitude and direction.  

The vorticity plot is dominated by vortex shedding 
that occurs as incident waves are deflected by a 
shallow reef south of the southern breakwater arm. 
This effect is not unexpected and is a feature of 
channel flows over obstacles and other breakwater 
studies [9, 5]. While the vorticity plot may appear 
subtle, we can plot the mean velocity field directly 
and colour shade locations where wave average 
velocities exceed 0.5 m/s and more. 

Figures 8 and 9 provide a consistent result to allow 
the southerly movement of dredged spoils noted 
earlier, and also allow for southerly currents and 
offshore directed cross currents as noted in 
measurements by DHI. 

5. Overall Insights and Conclusions  
The key features highlighted in this work are: 

a) Sand losses in the vicinity of channel are visible 
on recent surveys (2018-2007) and show that 
sand losses in deeper water are occurring 

b) Movement of placed dredged sand spoils and 
numeric modelling of dominant wave behaviour 
both show that reverse flows may be 
responsible for these sand losses. 

c) Sand losses close to the shoreline have 
become more pronounced from 1988 onwards 
yet the presence of an offshore shoal (north of 
the northern breakwater tip) appears persistent 
and is likely being replenished in some fashion.  

d) The existence of shoreline attached sand forms 
extending from 13 to 30 m, and greater depths 
are readily discernible on recent LiDAR 
datasets and these features can be followed 
back to depths where ongoing sand losses are 
occurring.  This provides direct evidence for 
more pervasive alongshore sand movement 
and losses at Stockton in deeper water. 

 
Figure 9. Vorticity calculated from mean velocity field after 
96 minutes. Vortex shedding from the southern 
breakwater tip is evident. A blue (clockwise) stream is 
leaving the northern breakwater tip. A larger recirculation 
(anticlockwise) forming to the left of the northern 
breakwater tip is also evident. 

 
Figure 10. Wave averaged velocity field after 96 minutes 
that confirms the features noted on the preceding vorticity 
plot. Peak velocities at the southern breakwater tip 
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exceed 2m/s. Data is only plotted at every 5th data point 
and velocities greater than 0.5 m/s are shaded. A cross 
shore rip at the northern breakwater tip is a persistent 
feature. 

Mass sand nourishment has been proposed to 
address the cumulative sand losses at Stockton. 
Minimising the future rate of loss of such sand 
needs to consider the features presented here. 
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Abstract 

This paper documents the Australian marina industry’s history, growth. achievements and lessons 
learned over the past 50 years. Prior to 1971, Australian marinas typically comprised small commercial 
and yacht club boatsheds with swing and piled trot moorings, fixed jetties and inadequate amenities. 
Slipways maintained customers’ vessels with toxic antifouling and ineffective environmental controls 
added to waterways pollution levels. Haphazard safety standards led to serious accidents and fatalities. 

Since 1971, professional leaders in the industry have emerged who recognized opportunities created by 
demand for modern recreational boats requiring appropriate berthing and maintenance facilities. This 
has generated significant investment in commercial and club marina developments, staff training, 
environmental and safety risk management. It has also improved the standards of marina, breakwater 
and boatyard design, construction, customer service and environmental outcomes. By establishing and 
supporting its associations and by working with relevant government agencies, the industry has 
demonstrated its maturity as a professional, well trained sector of the workforce making a substantial 
contribution to the Australian economy by creating sustainable, inclusive employment and satisfying 
statutory environmental and safety requirements. 
 
Commercial, environmental and safety liability risks combined with the need to satisfy customer service 
requirements and community expectations provide ongoing challenges for Australia’s marina industry. 

Keywords: Australian, marina industry, environment, lessons learned, 1971-2021. 

1. Introduction 
This paper reviews the substantial changes within 
the Australian marina industry in the period 1971 to 
2021 and highlights the current state of the industry, 
its achievements and its challenges. It references 
limited historical documentation available and 
provides commentary based on interviews with 
leading industry specialists including owners, 
operators, manufacturers and consultants.                 
It reflects observations by the author gained over 50 
years as a practising civil and coastal engineer 
combined with experience as a yachtsman and boat 
owner visiting local and international marinas.  
It is dedicated to the late Ian McAndrew, a valued, 
reliable friend and outstanding leader of the 
Australian boating and marina industries between 
1991 and 2020.  
 
2. History 
In 1971, Australian boat storage facilities typically 
comprised small commercial and yacht club 
boatsheds with dinghy racks, swing and piled trot 
moorings, fixed jetties, limited floating pontoons for 
work and leased berths and inadequate amenities.  
 
Customers’ vessels were maintained on winched 
cradle slipways using toxic antifouling coatings and 
ineffective environmental controls. Slipways added 
to pollution in waterways due to excessive  

 
 
concentrations of heavy metals including lead, tin, 
zinc and copper resulting from uncontrolled  
discharges of marine growth mixed with antifouling 
paint flakes. Waterways were also polluted by fuel 
and oil spills, untreated sewage, urban runoff and 
other industrial contaminants [1]. Haphazard safety 
standards led to serious employee and customer 
accidents and fatalities including falls from height 
and electrocution from unsafe access systems and 
power tools. Staff training was informal through 
learning on the job or previous employment 
experience. 
 
During the 1960s, significant growth in aluminium 
and fiberglass boat construction and alloy spar 
manufacture combined with improved marine 
engines and synthetic sail fabrics to increase global 
sales of recreational cruisers and yachts.  
The 13m “Janzoon II” launched in 1961 [2] was the 
first large Australian designed and built fiberglass 
yacht. Her ocean racing success encouraged local 
boat building with lower production costs than 
traditional timber boats. New boats offered 
competitive pricing, reduced maintenance 
requirements and improved reliability and 
performance. Growing sales of boats in Australia 
created a steady surge in demand for local boat 
berthing and storage facilities  
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Traditional fixed jetty marinas were common with 
boats typically moored fore and aft between 
mooring piles. Access required pulling the boat 
close to the jetty using the mooring lines and 
climbing over the bow or stern from the jetty which 
was usually difficult and often dangerous when the 
tide was low, wind was strong and the jetty had a 
handrail. Falls requiring rescue were a common 
occurrence. 
 
Floating marinas with finger pontoons along the 
side of the vessel improve safety and convenience 
due to their constant height difference between 
pontoon surface and boat deck level. They facilitate 
stern-to berthing allowing improved access over or 
through the transom. They also provide safer 
access to mooring cleats as well as shore power 
and water supply services pedestals incorporating 
security lighting and improved pedestrian safety as 
shown in Photo 1. Electrical reticulation systems 
include earth leakage circuit breakers to prevent 
electrocution.  
 

 
 
Photo 1. Yacht berthed stern-to at floating marina 
alongside finger pontoon. Note safe access through drop 
down aft transom platform, services pedestal with shore 
power, water and security lighting.  
 
One of the first floating marinas in Australia was 
constructed in Sydney’s Upper Middle Harbour at 
the Spit in 1965 using hollow precast reinforced 
concrete tanks. Australia’s first floating breakwater 
[3] was installed here in 1968 to protect the inshore 
marina pontoons which had suffered damage 
during strong westerly winds. Its success generated 
other marinas with floating breakwaters at partially 
exposed sites around Australia where wave climate 
and water depths did not justify costly rubble mound 
breakwaters. 
 
Victoria’s first floating marina at St Kilda in 
Melbourne [4] commenced operations in 1968. It 
was constructed in a purpose-built basin on a 
reclaimed site in Port Phillip Bay and included 
Australia’s first multi-level dry stack storage facility.  

Numerous floating marinas were constructed in all 
states during the 1970s and thereafter as 
developers, operators and users realized their cost 
effectiveness. Inconsistent design and construction 
criteria were implemented due to a lack of published 
standards. Many yacht clubs and motor boat clubs 
developed floating marinas to replace moorings or 
expand existing berthing facilities to meet relentless 
growth in demand from their members. 

One of the first commercial floating marinas in 
Queensland was Lawries Marina constructed at 
Mooloolaba in 1973 with 40 berths. The owner had 
inspected marinas in California and developed a 
precast pontoon system based on similar principles 
which he marketed to other marina projects.  

Clippers Anchorage, a 190 berth floating marina 
and dry stack facility, was constructed at Akuna Bay 
in Ku-Ring-Gai National Park, north of Sydney. A 
site environmental impact study, possibly the first in 
Australia for a marina, was published in 1972 [5]. 
The marina was completed in 1974. It included a 
boatyard and Australia’s first mobile boat hoist 
imported from the USA.  

In 1975, “Marinas – A working guide to their 
development and design” was published in the UK. 
Author and architect Donald W Adie studied 
marinas in the USA and Bahamas on a Winston 
Churchill Memorial Trust fellowship. It was the first 
comprehensive guide covering all phases of marina 
planning, design development, construction and 
operational management. It was updated in 1977 
and 1984 [6] describing existing and planned 
marinas in the UK, France and the Middle East. 
 
In 1979, a new 200 berth floating marina with 
integrated floating breakwater was completed at 
Birkenhead Point at Drummoyne in Sydney. 
 
Australian boat ownership and recreational boating 
participation grew rapidly when boat shows moved 
from onshore to in-water venues enabling boat 
builders to display larger yachts and power boats in 
their natural environment. This followed boat show 
trends in the USA and Europe. 
 
Queensland undertook a significant programme to 
develop its public boat harbours in the 1980’s which 
contributed to the extensive network of floating 
marinas between the Gold Coast and Port Douglas.  
 
It succeeded in stimulating coastal cruising, tourism 
and regional employment. This followed a 1979 
change in government policy to allow private 
development of marina facilities in public boat 
harbours. 
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The Royal Queensland Yacht Squadron (RQYS) [7] 
had sought to develop and extend its site at Manly 
Boat Harbour on Moreton Bay since 1975 and 
completed the first stage of its floating marina in 
1981. RQYS has progressively expanded its site 
and facilities which will provide the shore base for 
the sailing events in the 2032 Summer Olympics.  
 
Photo 2 illustrates Manly Boat Harbour’s 1100 
marina berth capacity comprising Wynnum Manly 
Yacht Club (WMYC) (290 wet berths), Moreton Bay 
Trailer Boat Club (MBTBC) (333 berths) and RQYS 
(464 berths) and a number of smaller facilities for 
government agencies. It also provides extensive 
hardstand and dry stack boat storage. 

 

 
 
Photo 2. Manly Boat Harbour – Jan 2019. Note MBTBC 
marina top left, WMYC marina & dry stack lower left, 
RQYS marina & onshore facilities at right.  

 
In 1983, the Boating Industry Association (BIA) of 
NSW commissioned a study of marina viability [8]. 
BIA members were observing the major growth in 
recreational boating and growing waiting lists for 
private swing moorings managed by the NSW 
Maritime Services Board (MSB), particularly in high 
demand areas with limited suitable sites available 
for development including Sydney and Pittwater. 
The study found that the historic growth rate in new 
commercial and private moorings was 6% per 
annum (pa) or 1086 new moorings against a 
projected demand of 1700 moorings pa and 
estimated a shortfall of 3300 moorings within 5 
years. BIA boat brokers expressed concerns at 
delayed boat sales due to the lack of facilities 
available to berth or moor new vessels.  
 
The study findings highlighted the social and 
economic benefits of cost-effective marina 
developments to the tourism, recreational boating 
and commercial fishing and charter boat industries. 

The BIA tabled the report at a meeting with the NSW 
Government Fishing and Tourist Port Advisory 
Committee with strong recommendations to 
expedite approvals of new marinas and streamline 
waterfront lease conditions and fees. 
 
In 1983, Australia’s historic Americas Cup victory 
boosted interest and participation in recreational 
boating around the country. 
 
In 1985, the NSW government announced a 5 year 
$75M Waterways Program jointly managed by the 
Public Works Department (PWD) [9] and MSB to 
improve the recreational amenity of the State’s 
waterways by providing marine facilities and 
improving degraded waterways. PWD delivered 
mini-ports, marinas, boat launching ramps, public 
wharves and waterway dredging. MSB issued 
private and commercial mooring licences, vessel 
registrations and boat licences and conducted 
waterway safety patrols. The Recreational Boating 
Advisory Council provided input from the boating 
industry, community and waterways user groups. 
 
Coffs Harbour is a mini-port on the north coast 
where a marina and commercial fishing facilities 
were constructed during the NSW Waterways 
Program. Photo 3 illustrates the completed mini-
port. 

 

 
 
Photo 3. Coffs Harbour Mini-Port and Marina 2017.     
Note site exposure and rock breakwaters linking 
Muttonbird Island to shore, marina berths at left, fishing 
berths & co-operative facilities at right. 

 
Marina proposals over 30 berths were subject to the 
provisions of the NSW Environmental Planning and 
Assessment Act -1979 which defined them as 
“designated development” requiring a 
comprehensive Environmental Impact Assessment. 
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It provides third party appeals for objections to 
development approval in the Land and Environment 
Court. This resulted in numerous appeals, 
significant legal and professional fees and 
consequential delays in developing new marina 
projects nominated in the Waterways Program and 
other marinas proposed by the private sector to 
meet the growing increase in demand for berths. 
The Act remains in place with minor changes.  
 
In 1986, the International Marina Institute (IMI) was 
established in the USA to promote professional 
education, training and certification in the marina 
industry. IMI developed three core training 
programs: 
 Marina Operators Course  
 Intermediate Marina Management 
 Advanced Marina Management 

Successful completion of these programs and 
gaining adequate industry experience led to 
professional certification by IMI as a Certified 
Marina Operator (CMO) and Certified Marina 
Manager (CMM).  

After IMI’s President Mr. Neil Ross visited Australia 
for a marina conference in the late 1980s, a South 
Pacific Chapter of IMI was established to promote 
IMI’s training programs in Australia and New 
Zealand. Experienced Australian and NZ marina 
operators attended training in the USA and qualified 
as CMMs. Local IMI programs were conducted later 
to minimize travel costs. Australian training 
programs developed from these IMI programs are 
described below. IMI merged with Marina Operators 
Association of America (MOAA) in 2005 to form the 
Association of Marina Industries. 

In 1991, Standards Australia published AS 3962 – 
Guidelines for design of marinas, the world’s first 
national marina design standard; It was developed 
by a committee from relevant government agencies 
and private sector bodies including BIA, marina 
consultants, manufacturers and Engineers 
Australia. Edition 2 was issued in 2001 as a 
guideline. Edition 3 [10] was issued in 2020 as a 
design standard.  

In 1991, “Marinas and Small Craft Harbours” [11] 
was published in the USA as a detailed technical 
reference for marina planning, design and 
construction. It also contains an extensive 
bibliography. This textbook records that the USA 
boating industry in 1988 involved 72 million people 
representing one quarter of the population utilizing 
America’s waterways more than once per year and 
generating US$17 billion in sales of boating 
products and services. It has not been updated 
since its first edition. Its recommendations 

complement the requirements of Australian Marina 
Design Standard AS 3962:2020.  

In 1998, the UK based Yacht Harbour Association 
(TYHA) developed its Gold Anchor Program for 
accreditation of marinas which assesses 
compliance with three attributes: 

o Gold Anchor marinas provide excellent 
customer service 
o Gold Anchor marinas represent value for money 
at all levels of accreditation 
o Gold Anchor marinas have achieved recognized 
industry standards. 
 
The Marina Industries Association (MIA) was 
established in Australia in 2001. It is the peak 
representative body for marinas, clubs, boatyards, 
manufacturers, suppliers and service providers 
predominantly in Australia with a growing 
international membership. MIA administers the 
following marina programs: 
o a global Gold Anchor program. MIA conducts 

independent marina infrastructure, planning and 
service quality assessments to rate them against 
the 86 criteria used in the multi-level Gold Anchor 
accreditation. 217 marinas in 28 countries have 
achieved Gold Anchor accreditation to date 

o International Clean Marina Program. This monitors 
environmental compliance and the use of best 
practice environmental management. It aims to 
assist marina operators in protecting and 
improving inland and coastal waterways. 56 
marinas, many Australian, have been certified as 
Clean Marinas. 

o Fish Friendly Accreditation is an extension of the 
Clean Marina Program which recognizes marina 
operators’ efforts to improve fish habitat. There are 
currently 35 marinas accredited as Fish Friendly. 

o Elimination of Single Use Plastics. MIA initiated 
this program in 2019. It commits members to sign 
a pledge to eliminate single use plastics by 2025 
with a substantial number of Australian marinas 
having committed. 

 
The International Council of Marine Industry 
Associations (ICOMIA) is a non-profit global trade 
association that brings together national recreational 
marine industry associations and represents them at 
international level. One of its key functions is 
maintaining industry statistics for its worldwide 
membership.  
 
Australia’s marina and boating industries’ 
representatives have been active in ICOMIA for over 
20 years and continue to provide global leadership. 
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In 2011, MIA commissioned the Recreational Marine 
Research Centre, Michigan State University, USA. To 
undertake the first of a series of independent data 
collection surveys to demonstrate the value and 
benefits of Australian marinas and boatyards to 
politicians, government agencies and communities.  

Five surveys have been completed in 2011, 2013, 
2015, 2017 and 2019 [12]. The Australian marina 
industry’s gross turnover in 2019 was reported as 
A$1.4 billion. The national boating industry turnover in 
2020, including marinas and boatyards, was A$7.95 
billion. [13] 

3. Marina demand and supply 
 

MIA’s 2019 Health of the Australian Marina Industry 
Survey [13] reported that demand for marina berths 
across Australia is continuing to exceed supply. A 
nominal berth supply shortfall creates competition for 
berths and maintains viability. Discussions with 
marina operators found no significant concerns about 
the quantity of additional berths required to meet 
unmet demand. Statistics from the 2019 survey show 
a national berth occupancy rate of 83% with a summer 
waiting list of 49% due to holiday periods generating 
short term demand for additional berths for visiting 
boats in popular areas. 
 
The survey achieved a high statistical response from 
143 marinas representing 47% of the 309 Australian 
marinas currently operating a total of 65,000 boat 
storage spaces comprising 50,000 marina berths, 
8,500 hardstand berths, 4,000 dry stack spaces and 
2,500 moorings. Berth numbers increased 5% from 
the 2011 survey. Boat size distribution had changed 
since 2011 due to: 
• Increased average boat lengths utilizing marina 

berths with 40% in the 10-14 m range, 30% in the 
14m to 20m range and 7% over 20m.  

• Superyachts (over 24m) occupying 3.6% of marina 
berths  

• Superyachts over 50m occupying 1.1% of marina 
berths  

• Smaller boats utilizing increased dry 
stack/hardstand capacity instead of marina berths 

• Reduced commercial mooring numbers due to 
redevelopment of mooring areas with marinas.  
 

4. Management and leadership 

Australia’s marina industry has undergone 
progressive organization since 1971 guided by 
competent leaders who recognized the benefits of 
competitors agreeing to share their knowledge, ideas 
and experiences whilst maintaining confidentiality of 
commercially sensitive information. Leading marina 
design consultants and prominent marina component 
manufacturers and installers collaborated with 

operators in developing and reviewing Australian 
marina design standard AS 3962. They also strongly 
supported and assumed key roles in the MIA, BIA and 
its state marina associations. Marina owners and 
managers attend boat shows, boating industry and 
marina industry conferences and meetings, award 
presentations and actively support training activities.  

A major factor driving performance improvement 
across the industry has been the significant increase 
in participation by women with many in key leadership 
roles. This was highlighted in a recently published MIA 
news article [14]. 

MIA conducts targeted training under the auspices of 
the Global Marina Institute. It covers all marina 
employees and delivers internationally recognised 
training programs to qualify candidates for a range of 
operational and management roles. It has created 
clear career paths based on developing relevant 
competencies and obtaining qualifications delivering 
significant benefits for marina owners and their 
employees.  

Employees benefit from the portability of qualifications 
whereby the steadily increasing pool of trained and 
experienced marina operators and managers can 
confidently move from one marina to another, 
including marinas overseas, with realistic 
expectations of their roles and responsibilities. Marina 
owners benefit by knowing that when engaging new 
employees using clear job descriptions with defined 
qualification criteria, candidates will have 
demonstrated relevant knowledge and practical ability 
to their peers. 

Observation of the marina industry as a boat owner 
visiting numerous facilities has provided clear 
evidence of its strong focus on customer service in 
both commercial and club environments. This is 
reinforced by the consistent responses during 
interviews of leading marina designers, 
manufacturers and operators that customer 
satisfaction is the key driver for success. Whilst other 
factors often influence solutions to customer 
requirements including environmental, commercial, 
legislative and (sometimes) common sense, strong 
customer focus clearly drives most innovation and 
achieves continual improvements.  

This was exemplified by the 2021 Marine Hull Marina 
of the Year Awards in recognizing outstanding 
customer focus with Gold Coast City Marina winning 
the Innovation Award. The challenge was to respray 
a 55m superyacht in the water with the crew living 
aboard. The management team’s novel solution was 
to build a temporary, air-conditioned spray booth 
enclosing the hull and superstructure. The booth was 
supported on purpose-built pontoons surrounding the 
vessel.  
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The project team achieved a tight works program 
within budget and met the customer’s lofty 
expectations as well as all prevailing health, safety 
and environmental obligations. 

 

5. Environmental and safety risk management 

The introduction of criminal liability for company 
directors responsible for breaches of Work Health and 
Safety and Environmental Management regulation 
governing all Australian states and territories has 
driven an elevated level of compliance in all industries 
including marinas.  

Notable achievements in environmental management 
at marinas since 1971 include:  

• Improved waste management systems including 
washdown and drainage water collection, 
treatment and recycling to prevent waterway 
pollution and create a sustainable working 
environment 

• Improved waterfront fuelling facilities to minimize 
risk of fuel spillage and provision of hydrocarbon 
spill boom equipment to contain any spillage  

• Rationalisation of numbers of fuelling facilities 
resulting from shutdown of older fuelling berths at 
marinas where a well designed and compliant fuel 
facility is available nearby 

• Improved marina waste collection facilities 
including floating “seabins” and recycling bins to 
minimize landfill disposal and increased public 
awareness of the need for effective litter disposal 

• Improved site storage of hazardous materials and 
availability of Material Safety Data Sheets to 
comply with environmental regulations and 
encourage safe usage 

• Greater community awareness of environmental 
issues amongst boat users and guests including 
environmental management signage. 

Observed improvements in safety management 
practices at marinas since 1971 include:  

• Replacement of many slipways using winched 
cradles by modern boatyards using mobile boat 
hoists operating on hardstands with engineered 
runways to launch and retrieve all boats safely 

• More hardstand storage using cranes meeting 
safety regulations to launch and retrieve smaller 
boats 

• Increased use of hydraulic boat trailers at 
commercial boat ramps to launch and retrieve 
vessels safely 

• Use of engineered cradles and props supporting 
boats on hardstands to allow safe access including 
approved scaffolding as required for hull, keel, 
rudder and propeller maintenance and repair  

• Restrictions on boat owners undertaking major 
repairs on vessels to ensure work is carried out 
safely by qualified tradespersons  

• Requirements for contractors to register with the 
marina/boatyard management team before 
commencing work and to provide evidence of 
current insurances and trade licences. 

• Safety inductions and training of staff, 
marina/boatyard customers and specialist 
contractors 

• Mandatory Earth Leakage Circuit Breakers (ELCB) 
on marina power circuits and extension cords for 
power tools in marinas and boatyards to eliminate 
electrocution risks 

• Modern mast cranes for stepping / removing yacht 
masts safely minimizing the need for use of 
bosuns chairs and work at height. 

• Improved boatyard signage and exclusion zone 
management to keep customers and visitors safe. 
 

6. Key lessons learned 

Interviews with experienced marina owners, 
managers, designers, manufacturers, construction 
specialists and consultants have identified multiple 
lessons learned during the past 50 years. 

Many marinas developed since 1971 have reached or 
are approaching the end of their useful lives and 
require replacement. Other “greenfield’ sites are also 
under consideration for new development. The typical 
design life of most “permanent” marina infrastructure 
is up to 50 years to satisfy approval requirements.  

Key Lessons Learned in planning, developing and 
operating successful marina facilities include: 

a. The need to develop effective working 
relationships with all relevant authorities and 
stakeholders throughout a marina project to 
minimise delays. Ensuring their awareness of the 
community, economic, environmental and safety 
benefits of competently planned and designed, 
well constructed and professionally operated 
marinas creates confidence. Keeping them 
informed on progress and seeking feedback 
maintains good relationships. 

b. Suitable undeveloped marina sites are scarce and 
are typically more exposed requiring fixed/floating 
breakwaters and/or dredging. Contaminated 
brownfield sites also require remediation. All such 
site characteristics increase project costs. 

c. Pursuing value for money for the marina owner 
and customers over the entire project life from 
design and construction through to operational and 
reconstruction phases delivers win/win outcomes.  

d. Investment in site investigations, competent 
design and quality construction is essential for 
successful marina development.  
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e. Adequate allowance for historic and predicted 
extreme weather events and climate change 
trends including sea level rise during design stage 
is critical for long term viability.  

f. Implementation of Australia’s marina design 
standard has delivered world class facilities.   

g. Maintaining flexibility in the design and layout of all 
marina facilities to meet changes in market 
conditions and customer needs (new technology, 
longer boats, higher power supply capacity, more 
Superyacht customers, improved amenities, more 
multihull berths, etc) ensures ongoing viability. 

h. Using customer feedback to drive continual 
improvement and innovation is fundamental to 
success. 

i. Regular employee training in all areas of marina 
management achieves business objectives. 
 

7. Conclusions 
 
Since 1971, Australia’s marina industry has matured 
as a professional, inclusive and well trained sector of 
the workforce. It makes a substantial contribution to 
Australia’s economy and employment and satisfies 
statutory environmental and safety requirements.  
 
MIA’s fifth biennial Marinas Value Study undertaken 
in 2019 found the Total Direct Economic Value of 
Australian marinas was $1.4 billion pa. This 
represented 18% of the national boating industry’s 
contribution to Gross Domestic Product (GDP) in 
2020. All five surveys have highlighted the industry’s 
consistent growth trajectory of continuous 
performance improvement through effective 
leadership and communication, training, collaboration 
and determination. 
 
The industry faces ongoing commercial challenges in 
meeting  customer needs and regulatory obligations 
as well as community expectations for environmental 
risk management of waterway impacts, climate 
change and sea level rise.    
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Abstract 
Aotearoa New Zealand faces considerable risk from climate change as sea-level rise threatens coastal 
communities and infrastructure. Although seawalls can potentially provide an effective and efficient defence 
against sea level rise and coastline retreat, their effect on the long-term beach sediment budget is difficult to 
quantify. The adverse effects of seawalls are highly site-dependent and may not account for the many 
processes within the coastal system, making it difficult to understand where and when seawall intervention 
may be appropriate. Recent advances in numerical modelling techniques, and the need for a robust 
understanding of seawall effects on coastal systems, have motivated this research, which initially focuses on 
wave reflections from a seawall. 

A preliminary field experiment was carried out to assess the interactions between waves and a seawall backing 
a beach over a tidal cycle. This allowed wave reflection to be captured while bypassing scale effects and 
secondary reflections associated with laboratory experiments, alongside more accurately recording the effect 
of a seawall for irregular waves in a natural setting. Results indicated that wave reflection could be up to 50%, 
especially at high tide, with waves reaching the wall unbroken or breaking directly on the wall. A VOF-type 
numerical model based on the Reynolds-Averaged Navier–Stokes (RANS) equations, validated using a high-
quality laboratory runup dataset, was also used to investigate the complex interactions between beaches and 
seawalls. We consider the effect of the cross-shore location of a vertical seawall on wave reflection from an 
idealised (fixed) beach, in addition to Bottom Shear Stresses (BSS) which can be considered as a proxy for 
sediment transport. The results show how the different seawall locations affect the wave reflection and 
dissipation under a range of wave conditions, considering the implications for structure loading, bed stresses 
and sediment transport. 
 
Ongoing numerical modelling and field deployments (including measurements of the beach profile) will provide 
additional insights into the interactions between waves, water levels, seawalls and beaches, informing future 
efforts to protect coastal communities from rising sea levels.  
 
Keywords: coastal structure, seawall, wave reflection, numerical model, field investigation 
 
1. Introduction 
It is widely perceived that seawall defences can 
exacerbate beach erosion at the edge and toe of the 
wall by altering local sediment dynamics (e.g. [13], 
p21). Empirical data from engineered coasts 
globally show that in many areas, beaches have 
decreased in volume (e.g. [24]), but there are few 
process-based investigations that specifically 
address whether the presence of a seawall will 
increase erosion regardless of the site, and 
ultimately cause the beach to disappear [e.g. 16]. It 
is likely that the effects of a seawall are highly 
dependent on local site conditions such as sediment 
availability, longshore transport dynamics, wave 
climate, beach elevation and planform coastline 
configuration [10]. As climate change and sea level 
rise exacerbate risk on densely populated coastal 
margins, there is a strong need to understand the 
local effects of seawalls on adjacent beaches to 
help in the design of more flexible, site-specific, and 
process-driven structural interventions.   
 
Following increasing contention around the efficacy 
of seawalls and increased public opposition to their 
construction in the 1970s, studies in the late 1980s 

and early 1990s set out to better understand the 
impact of seawalls on sediment dynamics and 
hydrodynamics (e.g. [2], [6], [10], [17], [18], [19], 
[22], [23], [25]). Some results indicated that 
seawalls could interrupt longshore sediment 
transport and seasonal profile responses and can 
prevent berm or dune formation preventing long-
term profile recovery [15]. However, other studies 
found that there was minimal to no difference in 
beach volumetric profile change when comparing 
sections of beaches with and without a seawall. A 
study approximating profile scour between cases 
with and without a seawall found that the scour in 
front of the wall was not volumetrically greater than 
a scenario without a wall [4]. This finding was 
subsequently supported by physical laboratory 
experiments ([2], [3], [9], [16]).  
 
Increased interest into the effect of seawalls on 
beaches has led to a distinction being drawn 
between passive and active erosion [18]. Passive 
erosion is present before seawall construction, 
whereas active erosion is attributable directly to 
presence of the seawall. This is often not 
considered in erosion measurements of beach 
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volumetric changes following seawall construction. 
Passive erosion is important to consider when 
interpreting long term evolution of the beach, and 
whether the seawall had a beneficial or detrimental 
impact [25]. The main emphasis in engineering 
technical studies is whether seawalls alter the 
profile and neighbouring shorelines, rather than 
taking the profile evolution history into account [11]. 
 
Some notable fieldwork to this effect was carried out 
by [7], building on previous work by [6] and [19]. 
They carried out biweekly and post-storm surveys 
over four months at Monterey Bay, Southern 
California, where there was 300 m of wall and 300 m 
of unprotected beach for comparison, alongside 7-
years of profile data. Local erosion was observed at 
the toe of the seawall and at the ends of the wall, 
but scour troughs were not recorded. The seawall 
did change uprush and backwash processes, 
groundwater elevation, and slope variability, with 
increased beach temporal variability in response to 

erosion events relative to non-walled sections. 
However, over the 7-year period of observation, 
summer beach recovery produced similar beach 
profiles at both seawall and unprotected sections 
[7]. In contrast, fieldwork by [15] comparing short-
term hydrodynamic and sediment dynamics at 
seawalls and at sandy beaches found that the 
longshore current was stronger in front of the 
seawall, combined with an increased volume of 
suspended sediment, leading to sediment transport 
an order of magnitude higher than without the wall. 
 
Laboratory experiments have detected some short-
term differences between beach sections with and 
without a seawall, but profiles and volumetric 
change long-term were similar [2]. Challenges exist 
transferring these insights to field settings owing to 
scale effects in laboratory experiments not 
undertaken at prototype scale [11]. Barnett and 
Wang [3] observed that under erosive wave 
conditions, a bar-trough formation formed for both 

Figure 1. a) UAV survey of study site at Milford Beach, Auckland, New Zealand; b) 
DEM of Milford Beach showing seawall (red) and sandy beach and platform elevations; 
c) location of four pressure sensors in front of a seawall recording wave reflection. 

a b 

c 
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seawall and no wall, with the trough forming a scour 
hole in the walled scenarios. Despite this toe scour, 
the sediment trapped behind the seawall structure 
was 60% more than the volume eroded at the toe, 
and ultimately recovery was possible with the right 
water level and wave conditions, when sediment 
was transported into the scour trough [3]. Weggell 
[25] carried out three-dimensional laboratory 
experiments and found that under normal wave 
conditions, volumetric and shoreline changes were 
similar for beaches with and without a seawall. 
However, when wave angles were oblique, the 
seawall acted as a groyne, and caused erosion 
downdrift of the wall, though this was limited to three 
to four times the length of the seawall.  
 
It is evident that fieldwork and physical modelling 
experiments can produce conflicting results, and 
are often limited by the local site conditions, or 
model scenarios used. Recent technological 
advances have provided new ways to enhance this 
understanding, including improved ability to 
investigate wave reflection and turbulence through 
environmental monitoring with video cameras and 
more refined numerical models. However, research 
in this area remains very challenging due to the 
complex interactions between sediment process, 
hydrodynamics, profile response, and longshore 
and cross-shore variability. Improved 
understanding is likely to result from 
interdisciplinary investigation. Here we report 
preliminary results from a team of coastal engineers 
and geomorphologists undertaking new research 
using field measurements, laboratory experiments 
and numerical modelling on how seawalls can alter 
sandy beach processes.   
 
2. Methods 
 
2.1 Fieldwork 
Preliminary fieldwork was carried out at Milford 
Beach, Auckland, New Zealand to capture 
hydrodynamic response to a seawall. Milford Beach 
is situated on the east coast of Auckland’s North 
Shore and faces east into the Hauraki Gulf, and is 
primarily exposed to swells from the NE. This site 
was selected for the presence of a seawall backing 
a sandy beach, with waves impacting the wall 
directly at high tide. A UAV survey was first carried 
out in December 2020 to capture the beach slope 
and seawall shape (Figure 1a and 1b). A rocky 
platform is partly covered by sand in the study area. 
Pressure sensors were deployed in February 2021 
to measure wave heights, and record wave 
reflection from the wall at high tide (Figure 1c). 
Conditions were chosen for the presence of NE 
swell, and a forecasted period of 12 s. Four 
RBRsolo D|wave logger pressure sensors were 
deployed in front of a seawall between 8:15 am and 
12:00 pm to capture waves interacting with the wall 
at high tide, and as the tide fell (Figure 2). The top 

of the seawall was 1.8 m above the sandy beach at 
the toe. Hs at the start of the measurements was 
0.67 m, falling to 0.15 m by the end as the tide fell. 
Ts was ~10 – 11 s for the duration of the 
deployment. Wave data was processed using 
MatLab. Spacing of three of the sensors (A1 – A3, 
sampling at 16 Hz) was chosen to optimise 
recording of wave reflection according to [14] 
(Figure 1c). One additional sensor was placed to 
record surface elevation variation at the toe of the 
wall (A4) (Figure 1c).   
 
2.2 Numerical Modelling 
Through a numerical model (IH2VOF) ([5],[12]) we 
studied the interactions between a vertical rigid 
seawall and the incoming waves on an idealised 
beach slope. The IH2VOF model solves the two-
dimensional Reynolds-Averaged Navier-Stokes 
equations (RANS), which are able to simulate 
accurately wave transformation processes, 
including wave breaking. The model also supports 
simulating porous media with the Volume-Averaged 
RANS equations, enabling simulating porous 
coastal structures, like rubble mound protections. 
The numerical model was validated using a high-
quality laboratory dataset reported in [1], to study 
the long wave generation forced by the irregular 
waves on a plane beach.   
 
The numerical model validation of the laboratory 
experiments outlined in [1] utilised a wave flume 18 
m long, 0.9 m wide, with a water depth of 0.8 m 
(Figure 3). The beach slope was tan(ß) = 0.1, 
starting at 5.65 m from the wave paddle. The 
location of the free surface elevation gauges is 
shown in Figure 3d. The model showed good 
performance at reproducing wave characteristics 
(bulk parameters and spectral information) for 
different wave scenarios, when compared with 
laboratory measurements (absolute errors < 15%). 
Once the model has been validated, the second 
step consists of including vertical seawalls at 
different cross-shore positions to analyse physical 

Figure 2. Water depth measured by 4 pressure sensors 
A1 - A4 (left axis). Sensors A1 - A3 were used to calculate 
the reflection coefficient Kr (right axis). Shaded area 
indicates water depth is too shallow (low tide) for accurate 
Kr interpreation. 
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variables that are not measured in laboratory 
experiments (e.g., velocity profiles, bottom shear 
stresses). Different model configurations were 
tested to analyse changes in wave reflection and 
bottom shear stresses due to the seawall position, 
incoming waves and beach slope. Due to the 
preliminary nature of this research, the field data 
setup did not allow direct comparison to the 
numerical model. This will be the focus of future 
work. 
 
3. Results 
Results from both the fieldwork and numerical 
model present the preliminary stage of research into 
wave reflection with significant potential for 
progress. The exploratory nature of both pillars of 
the project offer direction for future work which will 
utilise field data to further calibrate and develop the 
numerical model. 
 
3.1 Fieldwork 
The reflection coefficient Kr calculated from sensors 
A1 – A3 was around 50% at high tide while waves 
were impacting the wall. This fell to 48% as water 
depth decreased and impacts were less consistent. 
Once waves were no longer interacting with the 
seawall after 10 am, Kr rose to 54%, with increasing 
values of Kr as the tide continued to fall up to nearly 
100% (Figure 2). Sensor A4 was exposed at 10:30 
am, with subsequent wave reflection off the beach 
rather than the face of the seawall. As the equation 
outlined in [14] requires sensors spaced for an 

assumed water depth, as the water depth 
decreased, the reflection values became less 
reliable. The spacing was based on a depth of 1 m, 
so Kr values determined past 10 am may not be 
accurate.  
 
3.2 Numerical Modelling 
 
3.2.1 Reflection Coefficient (𝐾𝐾𝑟𝑟) 
Numerical modelling was carried out to investigate 
the impact of the cross-shore position of a seawall 
on a beach profile. The reflection coefficient 𝐾𝐾𝑟𝑟 was 
computed following [14]. Figure 3b (green dots) 
shows the evolution of 𝐾𝐾𝑟𝑟 as a function of the 
seawall location (vertical green lines, Figure 3d) for 
the irregular incoming waves (J6033A), reported in 
[1] (see wave parameters in blue box, Figure 3). 
With 𝐻𝐻𝑠𝑠 the wave height, tan(𝛽𝛽) beach slope, 
𝑓𝑓𝑝𝑝 peak frequency, 𝛾𝛾 peak enhancement factor and 
𝑆𝑆𝑆𝑆𝑆𝑆 the still water level. A dimensionless 
parameter 𝑑𝑑

𝐻𝐻𝑠𝑠
, where 𝑑𝑑 is the water depth at the 

vertical seawall toe, was used to generalise the 
𝐾𝐾𝑟𝑟 behaviour (Figure 3c). For seawalls located 
further offshore than ~ 10 m in the cross-shore 
position � 𝑑𝑑

𝐻𝐻𝑠𝑠
> 2� 𝐾𝐾𝑟𝑟 ~1, which means the waves are 

fully reflected. The wave dissipation due to wave 
breaking when no seawall is present occurs after 
~12 m � 𝑑𝑑

𝐻𝐻𝑠𝑠
~1�. As is expected, the 𝐾𝐾𝑟𝑟 coefficient 

decreases more rapidly for the cases where the 

Figure 3. Reflection coefficient 𝐾𝐾𝑟𝑟  as a function of the seawall (shaded brown) cross-shore location for different wave 
characteristics (see legend). Water is shaded blue. a) Dimensionless wave height evolution 𝐻𝐻𝑠𝑠

𝐻𝐻𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜
 for each sensor location 

with 𝐻𝐻𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 equal to 𝐻𝐻𝑠𝑠 in the sensor S1; b) reflection coefficient 𝐾𝐾𝑟𝑟 calculated at the offshore sensor S1 for a vertical seawall 
at each location; c) reflection coefficient 𝐾𝐾𝑟𝑟 vs the dimensionless parameter 𝑑𝑑

𝐻𝐻𝑠𝑠
; of each vertical seawall location d) location 

of sensors (red dots) and seawalls locations (vertical colour lines). 
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seawall is located beyond the breaking point in the 
shoreward direction � 𝑑𝑑

𝐻𝐻𝑠𝑠
< 1�. When the vertical 

seawall was located between ~10 m and ~12 m 
(around the breaking point), 𝐾𝐾𝑟𝑟 <1 is observed, 
implying some degree of wave dissipation for the 
irregular case (Figure 3a, green triangles). 
Therefore, other factors, such as bottom friction and 
destructive wave interaction need to be analysed.  
 
Different incoming wave conditions were analysed. 
Figure 3 shows a simplification of the irregular case 
(J6033A) using regular waves (pink dots) and a 
regular case with smaller 𝐻𝐻𝑠𝑠 (J6033C, yellow dots 
Figure 3). The curve observed for the regular case 
(pink dots), although similar to the irregular case 
(green dots), showed lower values of 𝐾𝐾𝑟𝑟 (<1) than 
the irregular case even when the seawall is located 
further offshore than the  breaking point (~12 m). 
For the case with smaller Hs, the Kr for the different 
seawall locations is slightly displaced to the right 
(Figure 3b) since wave dissipation (𝐾𝐾𝑟𝑟 < 1) due to 
wave breaking occurs further inshore. Additionally, 
when the dimensionless parameter �𝑑𝑑 𝐻𝐻𝑠𝑠� � is used, 
the curve obtained for regular waves (Figure 3c) 
exhibits greater scatter than the irregular case. 
However, as for the irregular case, there is a 
reduction in the reflection coefficient even when the 
seawall is located further offshore than the breaking 
location. 

3.2.2 Bed Shear Stresses (BSS) 
Many studies including field observations, 
laboratory experiments, and numerical models have 
been performed with the aim to understand BSS 
which are a proxy for sediment suspension potential 
in the swash zone [7, 18, 19]. In general, studies on 
wave structures are focused in wave-structure 
interactions, especially wave reflection or scour at 
the seawall toe. However, few studies have been 
conducted to analyse the influence of the seawalls 
in BSS patterns. Figure 4, a-d shows the evolution 
across space (panel a, b) and time (panel b, c) of 
the BSS for the irregular waves case J6033A 
without seawall. Figure 4, e-h shows the BSS 
evolution when a seawall is introduced at the mean 
water level position. As can be seen in Figure 4, a 
and e, the BBS were larger in the seaward direction 
for both cases (no seawall and seawall). The 
magnitude of the maximum seaward BSS for the 
seawall case (Figure 4e) was similar to the case 
without seawall (Figure 4a). However, in the seawall 
case (Figure 3e) the maximum BSS occurred near 
to the seawall toe.  
 
Other analysis increasing the wave height up to 4 
times (Figure 5) was carried out. The first analysis 
showed that the BSS maxima did not increase in 
magnitude; however, the frequency of these large 
seaward BSS increased, in addition to larger values 
of the BSS occurring further offshore. 
 

Figure 4. Outputs from a numerical model investigating the effect of the presence of a seawall on bed shear stress 
(BSS), Hs was 0.1464 m. a) and e) maximum (shoreward, blue line) and minimum (seaward, pink<1 line) BSS evolution 
in the cross-shore direction; b) and f) BSS evolution on time and space; with blue representing shoreward BSS and 
red seaward BSS; c) and g) maximum (blue line) and minimum (pink line) BSS evolution over time; d) and h) beach 
profile configuration (𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽 = 0.10) . 
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4. Discussion 
Despite numerous field and laboratory experiments 
through the 1980s and 1990s, contradictory results 
and complexities have sustained uncertainty around 
the effects of seawalls on sandy beaches (e.g. [2], 
[6], [10], [17], [18], [19], [22], [23], [25]). The results 
provided herein offer initial insights that may be 
useful for informing future research direction into 
seawall-beach interactions. In particular, the 
formation of multidisciplinary research teams, 
bringing together expertise across coastal 
engineering and geomorphology backgrounds, 
offers considerable promise for increasing our 
general understanding of the effect of seawalls on 
sandy beaches.  
 
Preliminary field measurements, though 
inconclusive, were important in establishing a 
foundation for future work, highlighting key focus 
areas. These include longer-term field monitoring 
which capture wave conditions and beach profile 
changes. To investigate the effect of the seawall, 
sites with tidal ranges which facilitate wave-wall 
interactions at deeper water depths, and no waves 
reaching the wall and lower tides are useful for 
comparison. Wave heights should facilitate 
breaking at high tide close to or at the seawall rather 
than breaking offshore. The reflection measurement 
method used here shows potential, but due to the 
pressure sensor spacing requirements inherent in 
the applicability of the method, a limited range of 

water depths are accurately represented. Longer 
deployments for a given sensor setup would capture 
multiple instances where the water depth can be 
used to obtain reflection values. The addition of a 
permanent camera recording wave reflection would 
also benefit reflection estimates in producing time-
stack images of reflected wave direction. Combined 
with monitoring beach elevation changes, a better 
measurement of the effects of seawalls on sediment 
transport can be generated.  
 
As numerical modelling continues to advance, 
applications for complex and challenging scenarios, 
such as seawalls, become increasingly desirable. 
Initial exploratory numerical modelling results 
presented here indicate that BSS values did not 
necessarily increase between cases with a seawall 
and no seawall. However, variation in the location of 
BSS maxima and the frequency of peaks in 
increased seaward BSS values may alter sediment 
transport processes in the presence of a seawall. 
Further numerical modelling work to examine the 
influence of seawalls on BSS, and therefore 
sediment dynamics, is necessary. Combining the 
two approaches means that model results can be 
compared to both field and laboratory data for 
calibration.  
 
5. Conclusion  
The fieldwork and numerical modelling work 
presented here represents a successful case study 

Figure 5. Outputs from a numerical model investigating the effect of the presence of a seawall on bed shear stress (BSS), 
Hs was 0.4403 m; four times larger than Figure 4. a) and e) maximum (shoreward, blue line) and minimum (seaward, pink 
line) BSS evolution in the cross-shore direction; b) and f) BSS evolution on time and space; with blue representing 
shoreward BSS and red seaward BSS; c) and g) maximum (blue line) and minimum (pink line) BSS evolution over time; 
d) and h) beach profile configuration (𝑡𝑡𝑡𝑡𝑡𝑡𝛽𝛽 = 0.10).  
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in carrying out investigative research as a 
multidisciplinary team. Increasing risk from coastal 
hazards in the context of climate change driven SLR 
and changing wave climates require a better 
understanding of the interactions between seawalls 
and sandy beaches. This knowledge has historically 
been relatively limited due to complexity in 
processes, while producing somewhat contradictory 
results. Work presented here offers the first step in 
addressing how the presence of a seawall impacts 
sediment dynamics through reflection analysis and 
changes in bed shear stresses. Further work in the 
future should continue to combine knowledge of 
coastal engineering and geomorphological 
processes to ascertain the impacts of seawalls, both 
beneficial and detrimental. Subsequently, this can 
be used to inform efficient and sustainable coastal 
management practices so that seawall construction 
is suitable for the coastal environment, for example, 
insuring the seawall location on the beach profile 
does not enhance beach erosion. 
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Abstract 
Surf amenity has become an increasingly important consideration in coastal management. Quantitative and 
automated methods are necessary to provide long-term insights into surf amenity. Wave Peel Tracking (WPT) 
technology has been used to monitor and quantify the surf amenity from a permanent shore-based CCTV 
camera. Wave peel regions were identified and tracked across a reef and in an adjacent natural barred surf 
zone. Since October 2020, WPT data has been continually collected from 10-minute video clips sampled at 
10 frames per second during daylight hours. Over 900 hours of WPT data from October to December 2020 
has been analysed in this paper. In easterly and southerly swells with significant wave height greater than 0.8 
m and peak period over 7 s, the WPT data indicated that surfing conditions become desirable over the reef, 
with average ride lengths that are significantly greater than those in the natural surf zone. The frequency of 
potential surfing rides on the reef was confirmed to be inversely proportional to the tide level, as expected 
according to depth limited breaking. The WPT data has also revealed morphological changes in the nearshore 
region, including the development of a ‘right-hander’ sand bank that was observed by local surfers. This work 
shows how the WPT technology has quantitatively captured surf amenity over a reef and in the nearshore 
region, as well as provided insights into short time morphological changes. 
 
Keywords: surf science, wave peel tracking, artificial intelligence. 
 
1. Introduction 
One of the challenges in the efforts to protect 
beaches from erosion is to ensure coastal 
protection infrastructure does not diminish existing 
surf amenity. Growing populations and rising sea 
levels increase the pressure to build more coastal 
infrastructure, which in some cases changes the 
way waves break. This has led to initiatives such as 
the World Surfing Reserve [9] with an aim of surf 
break preservation. Surf breaks should be 
quantitatively assessed so that adequate protection 
measures can be taken. Additionally, quantitative 
assessment can help progress the current 
understanding of what contributes to high quality 
surf amenity, such that future coastal infrastructure 
can be designed to improve, rather than diminish 
surf amenity. 
 
Numerous methods are available to assess surf 
amenity. The peel angle is a commonly used metric, 
which gives insight into the speed of a wave peel 
region laterally across a wave crest [14]. Such a 
metric was considered in the design process of the 
Narrowneck artificial reef [2]. Manual tracking of 
wave peel regions was also used to assess surf 
amenity [10]. The peel angle currently requires 
manual extraction from rectified oblique or aerial 
imagery, which is not feasible for long time scales. 
For longer time scales, automated computer vision 
systems with cameras have been used to assess 
surf amenity. These involve identification of length 
and orientation of surfable sandbars, defining wave 
breaking regions (which are compared with GPS 
surfer tracks), tracking of bores and tracking of 

surfers [3,11,8,5]. The first two methods provide 
appropriate spatial information over a surf break; 
however, do not automatically extract wave-by-
wave data. The third and fourth methods provide 
wave-by-wave insights, however the third does not 
give information at the wave peel region and the 
fourth can only assess potential surf rides in wave 
peel regions when surfers are available. A new 
Wave Peel Tracking (WPT) method is presented as 
an alternative, which automatically tracks wave peel 
regions (defined in Figure 1) on a wave-by-wave 
basis over a large region, regardless of whether 
waves are surfed. This method provides surfing 
metrics of ride rate, length, duration, speed and 
direction, which are relatable to surfers. In this 
paper, the WPT method is tested for assessing surf 
amenity over a reef and natural barred surf zone 
from October to December 2020. Additionally, 
spatial WPT maps are analysed to explore the 
potential of monitoring morphological changes. 
 

 
Figure 1   Wave peel region surfed on the reef 
30/12/2019. The wave peel centre is defined as halfway 
between the lip and fully formed bore (solid blue line) and 
1/5 up the visible wave face (solid yellow line) [13]. 
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2. Field Site 
The reef and nearshore region of interest is located 
between Currumbin Alley and Burleigh Heads point 
break on the Gold Coast. The reef is located 
offshore and is approximately 160 m long, 80 m 
wide and contoured to a 60 m long crest 1.5 m 
below mean sea level. Figure 2 shows an aerial 
view of the submerged reef, set at an angle of 105°. 
The monitoring camera is located on a high rise 
building approximately 40 m above sea level and 
500 m SW of the reef (field of view in yellow, Figure 
2). 
 

 
Figure 2   Reef and nearshore region in aerial Nearmaps 
image from 6th April 2020. Field of view of the camera 
shown in yellow. Dark blue arrows show camera image 
axes u,v and spatial axes x,y. 

 
Generally, this stretch of beach forms a longshore 
bar and trough system [15], with an occasional outer 
bar. Wave climate along the Gold Coast is active, 
with an average significant wave height (𝐻𝐻𝑠𝑠) of 1.07 
m and peak period (𝑇𝑇𝑝𝑝) of 9.23 s over the last couple 
of decades (1995–2018). Swells are predominantly 
easterly and southerly with occasional northerly 
swells in summer. The tidal range is approximately 
2 m and is a mixed tide system. Surfing conditions 
are optimal along the Gold Coast during autumn 
and winter, due to light offshore winds and southerly 
and easterly swells (𝐻𝐻𝑠𝑠 ≈ 1 - 2 m, 𝑇𝑇𝑝𝑝 ≈ 8 - 10 s). 
Summer often produces unreliable surfing 
conditions with stronger offshore winds, however 
the occasional cyclone swell (𝐻𝐻𝑠𝑠 > 2 m, 𝑇𝑇𝑝𝑝 > 10 s) 
is welcomed by experienced surfers. Wave activity 
is normally low during spring; however, in 2020 
wave activity was unusually high, and was 
comparable to autumn/winter conditions. 
 
WPT observations have been continually recorded 
through a CCTV camera and online server since 
early October 2020 to assess surf amenity. WPT 
results from the 6th October to the 31st December 

are presented in this paper. During that time, the 
local wave buoy recorded 𝐻𝐻𝑠𝑠 = 1.07 m and 𝑇𝑇𝑝𝑝 = 8.93 
s on average, with peak direction mostly ENE and E 
with the occasional NNE swell (see Figure 9, 
Section 4.2). These peak directions correspond to 
easterly, southerly and northerly swells 
respectively, which are refracted considerably 
before arriving at the wave buoy. Wave conditions 
were reasonably consistent apart from a very large 
easterly storm swell from December 13th – 15th (𝐻𝐻𝑠𝑠 
= 2 - 4 m, 𝑇𝑇𝑝𝑝 = 10 - 12 s) and the occasional northerly 
swell (see bottom of Figure 6 for graph of wave buoy 
data). 
 
3. WPT Method 
The WPT method was inspired by the way surfers 
assess the quality of waves before they paddle out, 
which involves visually identifying wave peel 
regions and tracking their motion to determine the 
surf amenity. The developed WPT software 
achieves this with 3 steps: motion detection, wave 
peel region classification and tracking of wave peel 
regions. Figure 3 shows part of a frame from one of 
the processed CCTV videos where 4 wave peel 
regions have been classified, which would be 
associated with tracks like those annotated in black. 
Videos of the WPT software working can be viewed 
at the YouTube playlist link below, more detail of the 
WPT method is in the associated journal paper [13] 
(https://youtube.com/playlist?list=PLJSOHg6_zTjV
zoqnirSyvabW6_qFF03Vl). 
 

 
Figure 3   Part of the camera view with classified wave 
peel regions and annotated tracks. 

 
The difference in pixel intensity between 
consecutive frames provides regions of movement 
(background subtraction) that are potential wave 
peel regions. A snapshot centred at each region of 
movement is classified as either a wave peel region 
or not a wave peel region by a trained convolutional 
neural network [7,12]. Each of the classified wave 
peel regions are either set as the start of a new WPT 
or assigned to a previous WPT that is close both in 
image position and time. The tracking process was 
similar to that described in the SORT algorithm [1]. 
Once an entire 10-minute video clip has been 
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processed for WPTs, the pixel locations in the 
image are rectified to geographic coordinates. This 
process of rectification was achieved using the 
homography matrix in Equation 1 below [6]. 
 

�
𝑢𝑢
𝑣𝑣
1
� = 𝐻𝐻 ∗ �

𝑥𝑥
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𝑥𝑥
𝑦𝑦
1
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The inverted 𝐻𝐻 matrix can be used to map camera 
coordinates 𝑢𝑢, 𝑣𝑣 to geographic coordinates 𝑥𝑥,𝑦𝑦. 𝐻𝐻 
matrix values could be found using at least 4 pairs 
of know 𝑢𝑢, 𝑣𝑣, 𝑥𝑥,𝑦𝑦 coordinates [4] which provide good 
coverage of the field of view. These points were 
collected by paddling around the field of view on a 
kayak with a GNSS RTK device while video was 
being recorded. A total of 13 locations were 
recorded. By setting ℎ33 = 1, the remaining ℎ values 
are easily found through optimization in OpenCV 
software.  
 
To ensure the rectification was reliable for tidal 
variation, the rectification points were gathered 
during 0 m LAT where the 1 m GNSS RTK pole was 
used to identify the equivalent 1 m LAT plane. For 
different tide levels, an adjusted set of rectification 
points were found through linear interpolation or 
extrapolation using the 0 and 1 m LAT points. 
Following rectification, WPTs were Gaussian 
smoothed with a standard deviation of 4 to reduce 
variance in WPTs, to become potential ‘rides’ [13]. 
 
The most informative metrics derived from the WPT 
data were found to be ride length (Euclidean 
distance from start point to finish point), ride 
duration, ride speed (ride length/ride duration) and 
ride rate (rides/minute). WPT data from every 10-
minute clip was summarised using the average of 
each of these metrics. All WPT ride directions were 
calculated as the bearing from start point to finish 
point. All metrics were calculated separately for the 
nearshore region and reef region. 
 
WPT duration maps were also created for each 
processed 10-minute clip. By checking these WPT 
durations maps and the video recordings, WPT data 
that was not acceptable could be rejected. These 
videos included those with significant glare, low light 
(outside daylight hours), significant misclassification 
errors (straight boat wake trails) or interference from 
heavy rain (many videos during 13th – 14th 
December). After filtering the data, 5498 10-minute 
clips were kept, where each day had at least 6 hours 
of data kept. Finally, surfing GPS watches were 
used to verify rectified WPTs on the 13th January 
2021 (𝐻𝐻𝑠𝑠 = 1.1 m, 𝑇𝑇𝑝𝑝 = 8 s) [13]. Surfers were tasked 
to surf steadily within wave peel regions. The 
collected GPS surfing tracks were compared with 
WPTs across a full tide range (1.86 m – 0.39 m 
LAT), with waves surfed on the reef and in the 
nearshore region (10 tracks in total). By comparison 

with the GPS surfer tracks, WPT positioning was 
confirmed to have 10 m RMSE accuracy, with ride 
lengths of 20 % RMSE accuracy. For this work the 
video footage was slightly lower quality due to some 
pixelated streaming; however, this did not appear to 
affect the accuracy (see YouTube playlist). 
 
4. Results 
To assess the surf amenity of the reef and 
nearshore region, WPT surf amenity metrics and 
spatial WPT maps were analysed (Sections 4.1 and 
4.2 respectively). Morphological observations are 
discussed in Section 4.3.  
 
4.1 Surf Amenity Metrics 
WPT surf amenity metrics are listed in Table 1 for 
both on and beyond the reef and in the nearshore 
region. An average metric was produced for each 
10-minute video clip processed. The metrics in 
Table 1 are the averages of all the 10-minute clip 
averages. 
 
Table 1   WPT surf amenity metrics 

Metrics* Reef Nearshore 
Avg. ride duration (s) 6.4 5.6 

Avg. ride length (m) 30 16 

Avg. ride speed (m/s) 5 3 

*These metrics are only for when there were waves 
breaking (i.e. ride rate > 0). See bottom graph of Figure 6 
for associated wave buoy data. 

 
The average ride length on the reef was found to be 
significantly larger than that in the nearshore region. 
Average ride duration was also greater on the reef 
than in the nearshore region. These differences 
were expected because the crest of the reef is long 
and favourably angled with the predominant wave 
direction, producing consistently longer rides when 
breaking. The rides cut off by the edge of the field of 
view in the nearshore region caused the average 
length metric to be deflated (on some days up to 
21%), however WPT maps in Section 4.2 illustrate 
that ride lengths and durations on the reef were still 
higher. The average speed of rides was faster over 
the reef than the nearshore, indicating that wave 
breaking in the nearshore was likely in shallower 
water on average, assuming the celerity component 
of the speed of rides was significant.  
 
Figure 5 illustrates the relationship between tide 
level and ride rate on the reef for a day with 
relatively consistent waves and low winds (< 16 kt). 
Tide level was approximately inversely proportional 
to ride rate. These wave conditions were observed 
to coincide with desirable surfing amenity on the 
reef, with an average ride rate of 1.5 rides/min and 
an average ride length of 42 m on the reef, 
compared with 16 m in the nearshore. 
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Figure 5   Tide level compared with ride rate on the reef 
(4th November). 𝐻𝐻𝑠𝑠 ≈ 1 m, 𝑇𝑇𝑝𝑝 ≈ 10 s, Peak direction ≈ 
98°. The bar from 1430 was removed due to noise (see 
Section 3), other times with no bar had a ride rate of 0. 
Glare affected videos from before 0840 were removed. 

 
Figure 6 below summarises the local wave buoy 
data with a comparison of the average reef ride 
lengths and average nearshore ride lengths. The 
average reef ride rate is plotted on the top graph in 
black for further insight. In the context of WPT 
metrics, we suggest that for a surfing break to be 
‘desirable’, it is important that surfers don’t have to 
wait long for potential rides and that ride lengths are 
longer than alternative surf breaks. Based on the 
data in Figure 5, surf amenity can be roughly 
considered desirable on the reef when the daily 
average reef ride rate is ≥ 1.5 rides/min and the 
daily average reef ride length is ≥ double the daily  
average nearshore ride length. According to this 
criterion, just over 1/4 of the days provided desirable 

surfing conditions on the reef. Of these desirable 
surfing days, 𝑇𝑇𝑝𝑝 was often > 7 s, 𝐻𝐻𝑠𝑠 was often > 0.8 
m and swell direction measured at the local wave 
buoy was ENE or E (corresponding to easterly or 
southerly swells).  
 
There were a few anomalies in the WPT data to 
consider. During the large December storm (13th -
15th) the waves were breaking beyond the reef. 
Therefore, the reef ride rate (WPTs on and seaward 
of the reef) was much higher (close to 20 rides/min) 
and more comparable to that expected in a standard 
nearshore region rather than an isolated reef break. 
Ride rate was also inflated at times, due to windy 
conditions producing choppy waves. This was often 
the case during northerly swells (red bars in Figure 
6). 
 
4.2 Spatial Results 
One of the advantages of the WPT method was its 
ability to show where the tracks were in relation to 
the reef for validation purposes. WPT duration maps 
were produced by overlaying tracks on an aerial 
image of the reef and nearshore region, with WPTs 
coloured according to duration. Figure 7 illustrates 
the spatial consistency of WPTs over the reef crest. 
The nearshore region had greater variance in 
positioning of WPTs. The duration of WPTs over the 
reef were longer on average, in agreement with the 
overall metrics in Table 1. The WPTs in the 
nearshore region show high density at the seaward 
boundary and the landward boundary (edge of 

Figure 6   Reef metrics (top graph) compared with local wave buoy data (bottom graph) from 6th October to 31st 
December 2020. The wave buoy 𝐻𝐻𝑠𝑠 bars in the bottom graph are coloured by the peak wave direction. The green dots 
under the top graph identify days that were considered ‘desirable’ for surfing on the reef according to Section 4.1. The 
data from December 13th - 15th was not very reliable, due to poor weather conditions. 
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camera view). It was found that these densities 
represented the outer sand bar and swash zone 
respectively by reviewing the associated video 
footage. 
 

 
Figure 7   WPT durations map from 4th November at 1640, 
tide = 0.35 m LAT. Colours represent the ride duration of 
plotted tracks. An aerial drone Nearmaps images from 2 
separate dates were used to ensure backdrop is not 
misleading with sand features or wave breaking (same for 
Figures 8 and 10).  

 
The higher tide (1.50 m LAT) nearshore breaking 
region in Figure 8 shifted landward compared to the 
lower tide (0.35 m LAT) nearshore region in Figure 
7, particularly near the outer sand bar. This agrees 
with depth limited breaking, assuming the sand 
morphology has not changed significantly over the 
6-hour period. The density of WPTs over the reef 
was greater on the reef crest at lower tide than at 
high tide, in agreement with Figure 5. The length of 
WPTs at the lower tide spanned a greater portion of 
the reef than those at the higher tide, again 
indicating depth limited breaking. 

 
Figure 8   WPT durations map from 4th November at 1100, 
tide = 1.50 m LAT. Colours represent the ride duration of 
plotted tracks. 

 
WPT directions from October to December are 
shown on the rose petal plots in Figure 9. The blue 
portion of both plots represents the local wave buoy 
peak direction proportions. The left plot shows how 
almost 40 % of the WPTs on the reef have broken 
with a direction close to that of the reef crest angle 
(brown). WPT directions in the nearshore region 
were more evenly distributed, with both right and left 
hander surfing rides relative to the shoreline angle 
(yellow).  
 
There was some noise present in the WPT data 
overall. To overcome some of the noise, if a ride 
length was < 4 m long or < 2 s duration it was 
excluded from the results. All results in this paper 
have been filtered in this way; however, there were 
still some issues with the data. There were a few 
very short length and long duration WPTs located 
most landward of the nearshore region. They were 
found to be small unsurfable waves near the swash 

Figure 9   Percentage comparison of WPT directions on the reef (green) and in the nearshore region (orange). Local wave 
buoy peak direction of incoming waves shown in blue. Beach shoreline angle in yellow, reef crest angle in brown. 
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zone. The narrow camera field of view meant some 
WPTs were cut short in the nearshore region. 
Another issue was white capping waves in very 
windy conditions, creating oddly positioned 
whitecap tracks sometimes beyond the reef. The 
occasional small boat wake was also tracked (e.g. 
small WPT at the back of the reef in Figure 8). 
These issues did not often dominate the WPT data, 
and when they did arise, the data was removed as 
per the process described in Section 3. 
 
4.3 Morphological Observations 
The potential formation of a sand bank desirable for 
surfing was observed in the nearshore region 
through analysis of the WPT durations maps. To 
observe this more precisely, WPT duration maps 
were combined in Figure 10 for 3 time periods, 6/10 
– 12/11, 13/11 – 5/12 and 6/12 – 31/12. These WPT 
maps differ from Figure 7 and 8 by including only 
WPTs with duration ≥ 12 s and length ≥ 15 m (very 
desirable for surfing). Only 1 10-minute video clip of 
data was included for each day, closest to a tide of 
0.5 m. Therefore WPTs on the same water level 
were being compared.  
 

 
Figure 10   Variation in WPT regions, with semi-persistent 
right hander shown from 13/11 - 5/12. Each heat map 
includes all WPTs with duration ≥ 12 s and length ≥ 15 m 
from a 10-minute video when the tide was closest to 0.5 
m each day. The potential ‘right hander’ sand bank is 
circled in yellow. 

From the 6/10 – 12/11, the heat map shows an 
expected density of WPTs in the outer bar of the 
nearshore region as well as the swash zone. From 
the 13/11 – 5/12, there was significant change in the 
nearshore region, with a prominent right hander 
WPT density which appears to reveal the edge of a 
sand bank. From the 6/12 – 31/12 the nearshore 
region restored to a similar trough and bar system 
to the 6/10 – 12/11. This period of December 
coincided with a large northerly swell event followed 
by the very large storm swell, which, as expected, 
washed away the right hander sand bank and 
produced the WPTs further seaward.  
 
An aerial image in Figure 11 captured in March 2021 
shows a sand formation in a similar location after 
the December storm. It is speculated that it could 
progress shoreward to become similar to the right 
hander sand bank. Local surfers have been seen 
crowding to surf right hander sand banks in this 
region, which was observed during the GPS 
verification exercise on the 13th January 2021. Such 
a periodic sand bank system could be a feature of 
the nearshore beach equilibrium. With the WPT 
camera and server continuing to run as a part of a 
longer term study, further analysis will be done to 
investigate morphological changes in this region.  
 

 
Figure 11   Aerial drone Nearmaps image from 28th March 
2021 showing evidence of a new potential right hander 
sand bank (yellow) emerging after the December storms. 

 
5. Summary 
The WPT method has provided unique insight into 
the surf amenity on a rock reef and in a nearshore 
sand bottom region. Rectified WPTs have revealed 
the provision of desirable surfing waves on the reef 
for 𝐻𝐻𝑠𝑠 > 0.8 m, 𝑇𝑇𝑝𝑝 > 7 s, from easterly and southerly 
swells. For these desirable surfing conditions, 
average ride lengths and durations on the reef were 
longer than those in the nearshore region. The ride 
rate from WPTs over the reef was found to be 
inversely proportional to tide level, as expected 
assuming depth limited breaking as dominant. A 
semi-persistent right hander sand bank was 
observed for almost a month in WPT maps which 
seemed to reappear a few months later in 2021. 
Future WPT observations will be analysed to further 
evaluate the potential for WPTs to provide insight 
into morphological changes in nearshore regions. 
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This new WPT method could be used for baselining 
surf amenity at other protected surfing beaches in 
the World Surfing Reserve [9] and used for 
assessing the surf amenity effects of coastal 
infrastructure developments. 
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Abstract 
This paper demonstrates the integration of a field-proven 3D manned and autonomous vessel navigation 
simulator with a leading 3D port hydraulics simulator, specifically designed to fuse high density, ultra-high 
resolution dynamic water level and surface current data feeds conforming with the new International 
Hydrographic Office (IHO) Universal Hydrographic data model (S-100). Other external and environmental data 
sources and data analytics are included such as: bathymetry, seabed composition, LiDAR, automatic 
identification system (AIS) feeds and weather data. This fused high-granularity data, fed into a well-established 
ship motion simulator, provides for more precise e-navigation for both manned and unmanned ships, more 
accurate under-keel clearance (UKC) management and wider port operability windows.  
 
The paper describes the successful application in the UK port of Plymouth – simulating both manned and part-
autonomous ship navigation. This new synthetic environment S-100-enabled platform, suitable for both 
onshore and on-board use, secured the winning solution in the 2020 UK Hydrographic Office (UKHO) Admiralty 
International Marine Innovation Challenge – Unlocking Autonomous Navigation.  
 
Keywords: IHO S-100, Data fusion, e- navigation, REMBRANDT, TUFLOW 
 
1. Introduction 
One of the key features over the next two or three 
decades will be the increased interaction between 
fully manned ships, reduced manned ships and 
autonomous vessels in restricted navigation water 
spaces and how big data, new sensors and data 
analytics can support safe navigation. The 
technology permitting increased automation, 
industry engagement and legal/regulatory 
environment for unmanned (fully autonomous) and 
smarter vessels with reduced bridge manning 
(Smart Bridges) continues to evolve rapidly. 
 
There are currently over one thousand vessels 
operating worldwide that are capable of some level 
of unmanned operation. This represents a tiny 
percentage of manned vessels currently in service, 
but the extent to which manned vessels and 
unmanned vessels will need to interact safely in 
shared, congested water spaces will grow 
massively over the next two to three decades. This 
is turn will introduce new challenges for the maritime 
industry. For example, new requirements and 
solutions will be needed in the areas of collision 
avoidance, ship/shore communications, human 
factors, mariner and pilot training, cyber security, 
insurance and liability. 
 
Vessels with increasing levels of autonomy, 
including smart bridges, utilise extensive onboard 
processing and software to read, interpret and fuse 
sensor data together, typically from AIS, Radar, 
cameras and Light Detection and Ranging (Lidar). 
These vessels create and communicate with a 
digital world model, calculate potential routes and 
make decisions on safe navigation in restricted or 

busy water spaces.  However, with increasing levels 
of autonomy and smart bridge automation, many 
more developments will be needed, particularly in 
the creation of a full digital world model to meet the 
highest requirements for maritime situational 
awareness, collision avoidance and overall 
navigation system assurance. Part of the solution 
will come from more data dense machine-readable 
electronic navigation charts (ENC’s). These will 
need to incorporate new geospatial and time-variant 
data layers, such as gridded high-density 
bathymetry, morphology, tides and currents [5], [6]. 
 
Another requirement will be to expand live sensor 
feeds and visual imagery databases onboard so 
that cameras and processors can use this to aid 
navigation, confirm position and offer safeguards 
against global navigation satellite system spoofing 
or breakdown. Incorporation of alternative high 
resilience position fixing systems will be essential. 
Current (SOLAS approved) electronic navigational 
charts (ENC’s) are fundamentally designed to be 
viewed and interpreted by a human in conjunction 
with pre-acquired knowledge, experience and what 
the mariner can see and hear around him/her to 
enhance situational awareness. As smart bridge 
systems evolve, in some cases towards ultimately 
being unmanned, the enriched data fusion 
landscape will need to be processed by computers, 
which will have to offer by orders of magnitude 
faster processing capability [7]. 
 
The 2020 UK Hydrographic Office (UKHO) 
Admiralty International Marine Innovation 
Program’s ‘Unlocking Autonomous Navigation’ 
challenge [2] was conceived to promote new 
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technologies and methods to support the growing 
needs of the global autonomous industry.  
 
Completed over a seven-day ‘shootout’ period in 
November 2020, selected entrants were tasked with 
the identification, trial and demonstrated delivery of 
navigation products that showcased how UKHO 
navigational and hydrographic data could be used 
to support the safe navigation of marine 
autonomous surface ships. Delivery within this 
challenging timeframe was possible because of the 
high quality of available data and the natural 
marriage of two BMT navigation and hydraulic 
simulation proprietary products which combined 
strengths to provide a feature rich, targeted and 
comprehensive solution to UKHO’s existing and 
future needs. This paper sets out how this was 
achieved and what the approach offers going 
forward for both ports and shipping. 
 
2. The IHO Universal Hydrographic Data 

Framework (S-100) 
The current S-57 IHO standard for digital 
hydrographic data has been in use since 1992 with 
the last revision being in 2000. It is limited in its 
adaptability and is fundamentally designed for a 
human interface as the end user. In terms of future 
standards, the Universal Hydrographic Data Model 
(UHDM S-100) is inherently more flexible [3], 
offering provision for such things as more granular 
gridded data and imagery, time varying data, 
enhanced metadata and multiple coding formats.  

 
Figure 1   The IHO UHDM S-100 infographic [3]. Note the 
IHO Hydrographic Services and Standards Committee 
(HSSC) allocates S-1XX numbers to be used for the 
development of S-100 dependent products developed by 
the IHO. Courtesy of IHO 

The wider shipping community has come to terms 
with electronic chart display and information 
systems (ECDIS) compliance and are gaining the 
benefits of improvements in navigation safety and 
more effective voyage planning from using up-to-
date electronic navigation charts (ENC). By using 
ENCs in an ECDIS, seafarers can easily plot routes 
and automatically check them for dangers such as 
rocks, wrecks and obstructions, or other related 
navigational hazards.  

At its foundation, the S-100 framework uses 
machine readable catalogues that will lead to plug 
and play systems and allow for easier updating of 
data standards and ECDIS systems. This will 
enable both mariners and autonomous decision 
support systems to have more information 
integrated within navigation systems which helps to 
plan optimal routes and make critical decisions in 
restricted waterways. The IHO released the product 
specifications for S-102 edition 2.0.0 in October 
2019 – high resolution bathymetry, and the following 
first editions are to be used for system 
implementation:  

 
• S-101 – Electronic Navigation Charting (Edition 

1.0.0 December 2018);  
• S-102 – Bathymetric Surfaces (Edition 2.0.0 

October 2019);  
• S-104 – Water level Information for surface 

navigation;  
• S-111 – Surface Currents (Edition 1.0.0 

December 2018);  
• S-122 – Maritime Limits & Boundaries (Edition 

1.0.0 October 2019);  
• S -127 – Marine Traffic Management (Edition 

1.0.0 December 2018); and  
• S -129 – Under Keel Clearance Management 

(Edition 1.0.0 June 2019).  
 
Whilst S-57 data as carriage compliant information 
is not expected to be replaced for some time, new 
IHO standards for ENC specifications will see S-57 
eventually be replaced by S-101, with specific 
requirements for, and data conversion between, S-
57 and S-101, which allows ECDIS manufacturers 
to build testbeds for trialling S-101 and overlays. 
Having testbeds for S-100-based product 
specifications is important as it ensures 
interoperability of additional layers when displayed 
in the same operating systems. Both S-57 and S-
101 standards will run in parallel with two data 
services as there will be a mixture of bridges, some 
running S-57 and some with S-101.  

With increasing levels of smart bridge automation, 
and the long-term trajectory likely to include 
progressive levels of autonomy in navigation 
channels, coastal zones, ports and inland 
waterways, the shipping and port industries and its 
suppliers and systems supporting navigation are 
likely to rely more and more on a full digital world 
model, with IHO S-100 Universal Hydrographic 
Model as part of its core, to meet the highest 
requirements for maritime situational awareness, 
collision avoidance, system assurance, and cyber 
security. 
2.1 S-102 High Resolution Bathymetry  
The S-102 High Resolution Bathymetry 
specification is one of the maturing S-100 products 
and we can look in further detail at some of the 
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benefits of richer, more granular bathymetric data. 
Preparing bathymetric data for charts typically 
involves taking survey data and using it to generate 
areas in range bands and separated by contours. 
This is then augmented by a scattering of spot 
depths, obstructions, and wreck locations.  
 
To keep the volume of data down and to keep the 
presentation uncluttered to the human eye, the 
band ranges and contours in S57 formats are fairly 
coarse: ordinarily at 2, 5, 10, 15, and 20 m. 
Unfortunately, this can render large navigable 
regions outside the safety area if the safety depth 
does not correspond to one of the contour levels. 
For example, a safety depth of 11 m would place the 
whole of the 10 - 15 m area out of bounds.  
 
The introduction of S-102 data facilitates more 
accurate passage planning by preserving a lot more 
of the survey data, with depth information available 
to the order of centimetres placed on a grid with a 
spacing in the order of metres. With such fine 
resolution data available the depth band restriction 
is removed allowing particularly precise plans to be 
prepared customised to the vessel’s draught and 
the tidal height at the time of passage. Figure 2 and 
Figure 3 illustrates this, comparing ENC displays of 
identical channel locations for both S-57 and S-102 
data sets using BMT’s real-time manoeuvring, 
berthing, and training (REMBRANDT) simulator [7]. 
 

 
Figure 2   REMBRANDT ENC simulator display Channel 
S-57 format data 
 

 
Figure 3   REMBRANDT ENC display Channel S – 102 
format data showing improved resolution compared to S-
57. 
 
3. REMBRANDT-TUFLOW S-100 Data 

Fusion Model  
This new modelling approach was developed as 
part of BMT’s entry in the 2020 UK Hydrographic 
Office Admiralty International Marine Innovation 

Challenge, demonstrating the feasibility of manned 
and part or fully-autonomous ship navigation using 
an S-100 enabled digital “wet twin” of Plymouth port 
in the UK, together with other fused environmental 
and ship traffic data. Brief descriptions of the 
component simulator parts of this S-100 data fusion 
platform are provided below. 
 
3.1 REMBRANT Simulator  
BMT’s REMBRANDT (Real Time Manoeuvring 
Berthing and Training) is a 3D time domain, 
navigation and seakeeping simulation software 
application [4]. It is used onboard and ashore by 
multiple maritime stakeholders (e.g., operators of 
manned vessel fleets, port authorities, pilots, 
training schools and, more recently, operators of 
vessels with varying levels of autonomy.   
REMBRANDT is a scalable platform, certified as a 
DnV Class A 360 O full bridge mission simulator and 
also a DnV Class S (special task) simulator 
intended for both ship-based and shore-based 
installation. A wide range of user configurable 
controls allow for a variety of environmental 
conditions. These include reduced visibility, 
day/night settings, wind and current shielding, multi-
directional swells and complex current fields.  The 
software supports S-57 ENC’s and has been 
upgraded to include ENC’s displaying S-100 data 
sets.  Visual topography includes bathymetric 
representation automatically generated from the 
ENC chart, as shown in Figure 4. It is also enabled 
for live AIS feeds and VDR interfaces for live 
interactive traffic simulations, navigation training 
and accident reconstructions.  
 
For part or fully autonomous vessels, REMBRANDT 
utilises a COLREGS-compliant decision-making 
algorithm for autonomous navigation in shared 
water-spaces [8]. REMBRANDT also accepts 
multiple environmental sensor feeds and synthetic 
imagery to support situational awareness for 
autonomous vessels operating in extreme 
environments [9]. 
 

 
Figure 4   REMBRANDT simulator 2D / 3D split screen 
display of a ship navigating in a channel.  
 
3.2 TUFLOW FV Hydraulic Model 
BMT’s TUFLOW FV, is a three-dimensional 
numerical hydrodynamic engine suitable for 
modelling the hydraulic behaviour of channels, 
ports, harbours, estuaries, open coasts, and oceans 
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[1]. The engine is designed to integrate with various 
oceanographic and meteorological input datasets, 
can be coupled with spectral wave models to 
assess hydraulic/surface wave interaction and is 
used extensively to assess environmental 
processes such as advection dispersion/diffusion, 
sediment transport and morphology, particle 
tracking and water quality.  
 
Importantly, for the purposes of autonomous ship 
navigation, TUFLOW FV can be run together 
dynamically with REMBRANDT, allowing modelled 
hydraulic data to be directly fed to the navigation 
simulation in either hindcast, nowcast or forecast 
modes. Key data feeds include time and space 
varying two-dimensional data (water levels, depths 
and wave conditions) and three-dimensional, depth 
varying current speeds. 
 
4. The Plymouth S-100 Data Fusion Model  
Plymouth in the UK was used as the S-100 data 
fusion pilot because of the large amount of UKHO 
data already available. This included S-102 
bathymetric data and seabed composition data. The 
port also has a relatively rich mix of commercial, and 
recreational, marine traffic to test the COLLREGS-
cognisant response of the autonomous ferry model 
in a shared water-space environment.   Moreover, 
the port’s readily accessible data from extensive in-
situ UKHO tidal sensors allowed a 36-hour 
turnaround to fully calibrate the TUFLOW finely 
gridded hydraulic model to create S-104 dynamic 
water level and S-111 surface current data to feed 
into the REMBRANDT navigation simulation.  
 
4.1 Data Sets  

 
Figure 5   An overview of the REMBRANDT-TUFLOW 
fusion software platform  
 
The data sets used in the S-100 platform included: 
• Bathymetry (UKHO S57; UKHO S-102) – shown in 

Figure 6; 
12 UKHO tidal height discrete data points and 30 tidal 
stream data points. Used to calibrate a hi-res 
10metre/15min gridded TUFLOW hydraulic model 

generating S-104 equivalent dynamic tidal height and 
S-111 equivalent surface current velocities and 
directions shown in Figure 7; 

• UKHO Seabed Composition (used by the 
autonomous navigation system to identify locations 
safe for grounding). Shown in Figure 8; 

• LiDAR terrain data (to fill in the bathymetric data in 
intertidal areas and provide terrain for rain flow into 
tributaries); 

• UKHO Vertical Offshore Frame Referencing; 
• e-Notes to Mariners; 
• Maritime Limits; and 
• Ships Routeing data and AIS.  

Figure 6   The REMBRANDT bathymetry data 
visualisation using S-57 (left) and S-102 (right) 

Figure 7   The TUFLOW FV generated finely gridded 
surface current data REMBRANDT S-111 display format  

Figure 8   The REMBRANDT UKHO seabed composition 
data display 

4.2 Development and Validation of the S-100 
TUFLOW Hydraulic model  

Available UKHO S-57 and S-102 bathymetric data, 
port geometry and monitoring data was 
incorporated into a detailed TUFLOW FV model of 
Plymouth harbour. This model was used to 
generate dynamic time and space-varying S-111 
and S-104 equivalent data and was completely 
developed during the short 24-36hr UKHO 
Challenge window available. Importantly, delivery in 
this short turn-around time was only possible due to 
the high quality IHO standard bathymetric and tidal 
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prediction datasets available to challenge entrants, 
further highlighting the value and speed of 
deployment possible with standardised datasets.  
 
A model domain spanning 110km east to west, 
50km offshore to a depth of approximately 80m and 
inshore inclusive of the Plymouth sound and 
estuaries was developed (refer Figure 9). The 
computation mesh comprised triangular and 
quadrilateral elements 10m to 2000m in spatial 
resolution, moving from coarser resolution offshore 
to finer scale in the area of interest (refer Figure 10).  

 
Figure 9   The TUFLOW FV model domain for Plymouth 
 

 
Figure 10   The zoom-in TUFLOW FV model domain for 
Plymouth with tidal stream monitoring (yellow points) and 
tidal height data (red points). The model mesh is 
overlayed in light black, the dark black polygon represents 
the REMBRANDT navigational study area. 
 
A one-month simulation period providing two spring 
and neap tidal cycles was investigated. Time and 
spatially varying astronomical tide levels were 
applied at the southern open boundary, derived 
from M2, S2, N2, K2, K1, O1, P1 and K1 major 
harmonic constituents and 12 minor inferred 
constants. The high granularity TUFLOW generated 
S-104 and S-111 data feeds were output to 
REMBRANDT for subsequent navigation analyses. 
 
As part of our best endeavors to calibrate the model 
within the tight time constraints of the UKHO 

Challenge, astronomical tidal predictions were 
compared at four tidal height and twelve tidal stream 
data sensors (refer Figure 10 for locations). 
Modelled versus predicted astronomical tide Root 
Mean Square Error (RMSE) values of 
approximately 0.2 m and 0.05–0.3 m/s were 
achieved for water level and current velocity 
respectively. Zooming in on the spring tide period 
used for the subsequent navigation analysis, during 
19th of September, water level results indicate that 
whilst the overall tidal phase is well represented the 
model tends to over-estimate tidal amplitudes by 
approximately 6-8% (refer Figure 11). This was 
deemed an acceptable level of error for the 
purposes of the challenge. Having more time 
available to refine and recalibrate the TUFLOW 
model would likely give a marked improvement to 
both modeled water level and current accuracy. 
 
Table 1   Modelled vs Predicted Astronomical Tide Water 
Level RMSE 01/09/2020 – 01/10/2020 

Site RMSE (m) 
TH_0014 0.19 

TH_0014a 0.20 

TH_0015 0.23 

TH_0015a 0.22 

 

Table 2  Modelled vs Measured Astronomical Tide 
Current Velocity RMSE 01/09/2020 – 01/10/2020 

Site X Component of 
Velocity (m/s) 

Y Component of 
Velocity (m/s) 

SN001AA 0.12 0.11 

SN001AB 0.17 0.10 

SN001AC 0.17 0.10 

SN001N 0.08 0.07 

SN001O 0.06 0.09 

SN001P 0.09 0.14 

SN001Q 0.14 0.06 

SN001V 0.06 0.05 

SN001W 0.17 0.08 

SN001X 0.12 0.14 

SN001Y 0.20 0.08 

SN001Z 0.29 0.12 

935



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Delivering digitally enabled and autonomy-enabled smart port ecosystems using the new IHO S-100 framework model 
Phil Thompson, Mitchell Smith 
 
 

 
Figure 11   Predicted (black) vs. TUFLOW modelled tidal 
heights (red) 
  
Importantly, to estimate observed water levels and 
currents, the hydrodynamic model requires 
extension to include meteorological, ocean 
circulation and surface wave boundary conditions. 
BMT is currently working to update the Challenge 
model to include these influences. Each is likely to 
make a significant contribution to the observed 
water levels and currents in Plymouth harbour and 
should be assessed to improve the accuracy and 
reliability of navigational data streams. 
 
4.3 The S-100 Data Fusion Simulation  
The S-100 data fusion navigation simulation of 
Plymouth used a 140m part-autonomous ferry 
which had been hydrodynamically modelled in 
REMBRANDT. Its maneuverability and seakeeping 
response were fully calibrated against pilot cards 
and sea trials data.  The synthetic model simulated 
the vessel navigating on a flood tide while 
processing the UKHO S-102, S-104 and S-111 data 
feeds, together with the other external data outlined 
in Section 4.1. Wave fields are able to be modelled 
but were not included in this trial.  
 

Figure 12 REMBRANDT S-100 Plymouth model 
displaying bathymetry & marine traffic.  
 
A series of REMBRANDT runs were performed 
concentrating on the challenging navigation area in 

the vicinity of Smeaton Pass, Plymouth Sound. 
Some commercial and recreational traffic was in the 
vicinity. The strongest predicted period of flood tidal-
flow was chosen for the exercises (circa HW-3) with 
a nominal 15kt South-westerly wind. Maximum tidal 
current experienced was about 1.5 knots, similar to 
that for a Spring-tide cycle in the area. 
 
As a control exercise, the vessel was put into 
REMBRANDT’s standard track-mode autopilot. As 
can be seen from the 2D track plot in Figure 13, 
when negotiating the alteration off S. Mallard, the 
swept path brought the starboard quarter of the ship 
close to the S. Mallard buoy and well to the NE of 
the charted track.  
    

 
Figure 13   REMBRANDT track plot with standard auto 
pilot 
 
The 2nd run employed REMBRANDT’s 
autonomous autopilot mode. REMBRANDT 
interrogated and processed the S-100 bathymetric, 
tidal, current and seabed composition data 
concurrently with the prevailing meteorological and 
other environmental data, including AIS, to follow 
the charted track. REMBRANDT also monitored 
precise under keel clearance (UKC) margins, as 
well as forecast margins ahead, by continual 
interrogation of S-102 bathymetry, S-104 dynamic 
water height and 6 degrees of freedom. ship 
motions. The system also interrogated available 
maritime safety e-information and, in this instance, 
noted a machine-readable Temporary Notice to 
Mariners warning of an unreliable light sector from 
Mallard Beacon. The autonomous autopilot track 
plot run is shown in Fig 14. 
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Figure 14 REMBRANDT track plot with autonomous auto 
pilot 
 
Whilst on the northerly leg of the run and processing 
S-100 dynamic tidal stream, current data and 
external wind data, REMBRANDT instigated a real 
time calculation of the wheel-over point for the turn 
onto the brief 315 leg, and again to estimate a 
course to steer for that leg. Pilots attended the 
synthetic trial and noted the timing and extent of 
helm applied and confirmed the much finer 
adherence to the required track by way of forward 
determination of the influential hydrodynamic 
elements. It is worth noting that in an earlier 
autopilot run which tested only S-57 data set feeds, 
the adherence to the pilots’ required track was much 
less satisfactory, emphasising the value of 
accessing more granular S-100 hydrographic data 
sets in part and fully autonomous navigation.  
 
5. Further Applications in Ports and 

Shipping 
The pilot study undertaken highlights the potential 
application more widely across the ports sector. 
Some of the key applications are summarised: 
 
• Port “Wet-side” digital twin. Using the integrated 

Rembrandt -TUFLOW 3D platform in a shore-
based system, fed with highly granular UKHO 
or other data to generate an ultra-granular 
hybrid navigation-hydraulic digital twin. This will 
facilitate precision e-navigation and UKC for 
manned ships. It will also help to further 
optimise port operations, pilot training, berth 
upgrades and future dredging plans.  

• Using the S-100 digital twin approach for major 
global port hubs on a pathway to become 
autonomy-enabled. 

• As a shore-based pilot training tool focused on 
de-risking pilotage in restricted water-spaces 

involving a progressive mix of manned and 
unmanned marine traffic.  

• Next generation S-100 precision UKC 
management both ashore and onboard ships.  

• Linking the S-100 hybrid navigation- hydraulic 
digital twin with other compliance-driven 
requirements, e.g., port Environmental Impact 
Assessments (EIA’s).  

 
6. Summary  
This paper has demonstrated the feasibility of 
coupling a 3D hybrid navigation-hydraulic simulator 
with the evolving IHO S-100 data framework model. 
The authors have also demonstrated the utility of 
this approach in several aspects of port operations 
and manned and autonomous ship e-navigation. 
More applications are expected to open as the IHO 
S-100 data framework model matures. It should be 
noted that the utility of the hybrid simulator is not 
restricted by access to S-100 data and is designed 
to utilise hydrographic data of mixed levels of 
granularity.     
 
Several wider applications of the model have also 
been highlighted which cover multiple maritime 
stakeholders.   
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Abstract  
The Department of Transport Maritime WA gathers nearshore data along the WA coastline to measure waves, 
currents and water levels at existing and proposed coastal facilities using 11 Acoustic Wave and Current 
devices, and 17 Pressure Transducers. It is a standard procedure to co-locate PTs and AWACs resulting in 
concurrent measurements. PTs have many advantages (e.g. size, low cost, reliability, ease of deployment); 
however, Dynamic Pressure Attenuation is an inherent limitation of PTs.  Effectively, pressure signal 
attenuation increases with increasing water depth and decreasing wave period and results in an 
underestimation of wave amplitude. To correct the underestimation, the dynamic pressure component is 
divided by a pressure response factor. 
 
Our analyses revealed that application of a pressure response factor alone is not sufficient, resulting in a 
significant residual underestimation of wave heights especially in the short-wave period bands. An additional 
scale factor (SF) is required to improve agreement with AWAC wave heights which are considered to be more 
accurate. We used 43 concurrent PT and AWAC wave measurement datasets at 10 locations in Western 
Australia during different seasons to identify additional SFs.  In this paper, we analyze and provide a range of 
SFs that are mainly dependent on depth and wave period.  We found that the SF is inversely proportional to 
the peak wave period and lineally proportional to the depth. With the available concurrent measurements, we 
found that the SF does not have a significant seasonal variation.  In conclusion, the development of additional 
SFs and the understanding of when they are appropriate, allows us to confidently deploy standalone PTs and 
then adjust the data with confidence.  
 
Keywords: wave measurements, pressure transducer, pressure attenuation, scale factor 
 
1. Introduction 
The Department of Transport (DoT) Maritime 
Western Australia conducts two main programs with 
the purpose of gathering oceanographic data along 
the West Australian coastline.  
1. Tide and wave data collection program which 

collects data from 8 deep water directional 
wave rider buoys and 26 radar type tide 
gauges. The data is collected on a regular 
basis and subjected to subsequent quality 
checks and archived for future applications.  

2. State Oceanographic Nearshore Data 
Collection Program (SONDAP) which collects 
oceanographic data from numerous 
oceanographic instruments such as pressure 
transducers (PT), Acoustic Wave And Current 
Devices (AWACs) and current meters. Wave, 
current, water level, temperature, and pressure 
data is generally collected on a project basis, 
usually for at least one year. The data is used 
for a range of purposes including operability 
assessments of existing and proposed coastal 
facilities, coastal monitoring, facility planning, 
and site selection investigations for proposed 
coastal facilities.  

 
In 2018, our fieldwork campaign at Bremer Bay 
comprised two AWACs and four PTs [11]. Two PTs 
were coupled with two AWACs and deployed on the 
seabed at both Inner and Outer locations. The other 
two PTs were deployed at the Wharf and the Boat 
Ramp (Figure 1). Therefore, concurrent 

measurements of waves and currents from AWACs, 
and water levels from PTs were recorded at the 
Inner and Outer locations for about a four-month 
period. During this measurement program, it was 
observed that the wave heights estimated from the 
PT measurements were significantly and 
consistently lower than those from the AWAC 
measurements at both locations.  
 

  
Figure 1   Bremer Bay AWAC and PT locations. Yellow 
pins show the AWAC and PT concurrent measurement 
locations. Pink bubbles show ‘PT only’ locations.  

The PT measurements are affected by dynamic 
pressure attenuation (DPA), which is an inherent 
limitation associated with PT measurements. 
Therefore, the PT measurements were corrected for 
dynamic pressure attenuation before they are used 
to estimate wave heights and peak wave periods. 
Even after this correction, the wave heights from PT 
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measurements were lower than the wave heights 
derived from AWAC measurements (Figure 2).  
 

 

Figure 2  Comparison of total significant wave heights 
(Hs) derived from AWAC (green), PT original (blue) and 
PT pressure-corrected (red). Panel (a) – Bremer Bay 
Inner point, Panel (b) – Bremer Bay Outer point. Only a 
few weeks of data is shown here for clarity.  

 
At Bremer Bay Inner, the dynamic pressure-
corrected PT wave heights are 14% lower than the 
AWAC wave heights and at Bremer Bay Outer, the 
dynamic pressure-corrected PT wave heights are 
9% lower than the AWAC wave heights.  
 
To compensate for this discrepancy, the wave 
heights from PT measurements were further 
multiplied by a scale factor (SF) to bring them closer 
to the AWAC wave heights which are considered to 
be more accurate [7] since the wave parameter 
estimates are derived from acoustic surface 
tracking and pressure  sensors. 
 
Compared to AWACs, PTs have many advantages 
depending on the purpose of the application.  Some 
of the advantages are; smaller size, lower cost, 
ease of deployment, low maintenance, ability to 
measure water levels continuously with high 
sampling rates, ease of configuration and data 
retrieval. Because of this, PTs are widely used for 
water level measurements in coastal studies. For 
purposes where wave directionality is not a 
concern, wave height and peak period can be 
estimated from PT measurements, after applying 
the correction for DPA.  
 

However, having identified the differences in wave 
heights between the AWAC and the pressure-
corrected PT measurements, we endeavoured to 
develop a range of additional SFs as a part of the 
quality assurance procedure of PT data.  
 
1.1 Objective of the study 
The objective of this study is to identify additional 
SFs from 43 concurrent PT and AWAC wave 
measurement datasets at 10 locations in Western 
Australia during different times of the year, from 
2016 to 2021.  We analysed the data with the goal 
of providing additional SFs that are site specific (in 
terms of depths), seasonal, and also dependent on 
the wave period (sea < 8s and 8 <swell <25s).  The 
development of additional SFs and the 
understanding of when they are appropriate, allows 
us to confidently deploy standalone PTs and then 
adjust the data with confidence.  
 
2. PT measurements  
We use RBRsolo³ D type PTs that have been 
manufactured by RBR Global. The logger is 
lightweight, 210 mm long with a diameter of 25.4 
mm and has a depth range 20 - 1,000 m, with an 
accuracy of ± 0.05 % full scale, and a resolution of 
< 0.001 % full scale. It can be deployed at a 
maximum depth of 20 m, so the accuracy is  ± 1 cm 
and the resolution is < 0.2 mm [9].   
 
From the PT measurements, the minimum 
resolvable wave period depends on the sampling 
frequency (Nyquist frequency), for this study it was 
0.5 Hz. A continuous long data record can resolve 
even longer wave periods in the infagravity range 
(~30-600 s). 
 
PT measurements have two components;  
(1) The aggregate of barometric and hydrostatic 

pressure.  The hydrostatic pressure 
component derives water depths at the 
sensor’s depth at any given water density. 
These water depths include the effects of tides 
and surges. 

(2) The dynamic pressure component. This signal 
represents the water surface fluctuation due to 
wave motion and is used to estimate wave 
parameters.  
 

2.1 Dynamic pressure attenuation (DPA) 
The dynamic pressure resulting from the water 
surface fluctuations begins to attenuate in the water 
column as depth increases from the water surface 
towards the seabed. As a result, dynamic pressure 
signals recorded by a pressure sensor are weaker 
compared to the original values at the water 
surface.  This is known as the DPA. 
 
Figure 3 depicts the attenuation of the dynamic 
pressure signal due to surface wave motion along 
the water column from the surface to the seabed.  
The deeper the pressure sensor is located, the 
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greater the dynamic pressure signal attenuation. 
The dynamic pressure signal associated with high 
frequencies also attenuates rapidly with depth. Due 
to this nature, the data collected by a PT has lower 
magnitudes compared to the actual pressure values 
at the water surface, hence the wave height and 
energy values will be underestimated [5]. To 
overcome this underestimation, the dynamic 
pressure signal requires appropriate correction prior 
to any analysis.   

 
Figure 3 Wave attenuation as a function of depth for 
various wave periods 
Source:  Ruskin documentation Appendix D [10]  

 
3. Method of data analysis 
 
3.1 PT data preparation 
We have used RSKtools for PT data processing. 
RSKtools is a collection of Matlab m-files designed 
to access, process, visualize, and export data from 
RBR loggers. RSKtools organises logger data in a 
Matlab structure, referred to as the RSK structure, 
which contains the logger data and the deployment 
metadata.  
 
After removing the barometric pressure from the 
combined pressure (Equation 1), the remainder is 
the pressure in the water column, which is the 
addition of the hydrostatic and the dynamic 
pressure components (Equation 2).     
         
              𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑃𝑃𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 +  𝜌𝜌𝜌𝜌ℎ𝑠𝑠 + 𝑞𝑞                   (1) 

 
                         𝑃𝑃0 (𝑧𝑧 = −ℎ𝑠𝑠) = 𝜌𝜌𝜌𝜌ℎ𝑠𝑠 + 𝑞𝑞                    (2) 

 
where Pcombined = combined pressure in dBar; Pbaro = 
barometric pressure in dBar; ρ = density of sea 
water (1.0281 kg/l); g = acceleration due to gravity 
(0.980665   dm/s2);   hs = depth in meters; P0=total 
pressure in the water column; and q = dynamic 
pressure, which represents the pressure caused by 
water surface fluctuations. z = upward vertical axis 
with zero at the water surface.  
 
The hydrostatic pressure is the mean pressure in 
each burst, and the residuals, after the mean is 
subtracted from the total pressure in that burst, are 

the dynamic pressures, given that the data is 
stationary.  
 
3.2 Pressure response factor 
RBR Global has not developed a method to 
calculate the pressure response factor, therefore 
the method given in the OCEANLYZ, Ocean Wave 
Analyzing Toolbox [4] has been adopted to correct 
water depths for dynamic pressure loss. Equation 3 
to Equation 4 show the relationship between 
relevant parameters.  
 
                                  𝑞𝑞 = 𝜌𝜌𝜌𝜌𝜌𝜌𝐾𝐾𝑝𝑝                           (3) 
 
         𝐾𝐾𝑝𝑝(𝑓𝑓, 𝑧𝑧 = −ℎ𝑠𝑠) = 𝑐𝑐𝑐𝑐𝑠𝑠ℎ𝑘𝑘(ℎ+𝑧𝑧)

𝑐𝑐𝑐𝑐𝑠𝑠ℎ(𝑘𝑘ℎ)
= 𝑐𝑐𝑐𝑐𝑠𝑠ℎ(𝑘𝑘𝑐𝑐𝑠𝑠)          

𝑐𝑐𝑐𝑐𝑠𝑠ℎ(𝑘𝑘ℎ)
     (4) 

 
          𝜌𝜌 = 1

𝐾𝐾𝑝𝑝
∗ 𝑞𝑞
𝜌𝜌𝜌𝜌

                            (5) 

Kp = pressure response factor; h = local water 
depth; f = 1/T is a wave frequency; ds = pressure 
sensor location from the seabed; k = wave number 
which is a function f and h; η = water surface 
elevation, corrected for the dynamic pressure loss.  

 
Figure 4 Schematic sensor deployment setup [4] 
 
Kp is a number with a range of 0 < Kp < 1, where       
Kp=1 at f = 0 Hz (where there is no DPA), and Kp 
approaches 0 at f = 1 Hz with increasing 
attenuation. In other words, a value of 1/Kp will be 1 
for f=0, and exponentially increases towards infinity 
at the high frequency end [4].  
 
3.3 Wave parameter estimation 
 
3.3.1 Wave estimates from PT measurements  
The measurements are continuous with 1 Hz 
sampling rate, allowing for the minimum resolvable 
wave period of 2 s. The pressure-corrected water 
level data records at the Inner and Outer locations 
are separated into segments of 1024 points, which 
is an equivalent period of ~17.13 minutes.  Each 
segment is then analysed in the frequency domain 
using the fast-Fourier Transform method to 
compute the wave energy spectrum. Then the 
spectral estimate of the significant wave height for a 
particular frequency band is calculated from the 
corresponding area under the spectrum, and it is 
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given by Hs = 4√m0, where m0 is the total variance 
(energy) of the frequency band. The peak wave 
period is the reciprocal of the wave frequency that 
corresponding to the peak energy in the frequency 
band [2]. 
   
3.3.2 Wave estimates from AWAC measurements  
AWACs are manufactured by the Nortek Group. We 
have used ‘Storm’ software, a Nortek product, for 
analysing and processing of AWAC currents and 
directional waves. Wave parameters were obtained 
using the energy spectrum of pressure (pressure-
velocity (PUV) approach). Similar to the PT 
measurements, the pressure sensor of AWAC 
measures the hydrostatic pressure and reports in 
units of dBar.  
 
The AWAC data capturing was planned to collect 
data and to derive wave estimates with periods of 1-
25 s, and with a sea/swell separation period of 8 s. 
Therefore, the configuration plan was set up for 
waves in hourly intervals, with 2048 points per burst 
and a 2 Hz sampling rate, which makes a burst 
length of ~17.13 minutes.  During the process of 
estimating wave parameters using ‘Storm’, the 
dynamic pressure is taken into account and the 
measured pressure is adjusted for attenuation using 
the same methodology given under the Section 3.2 
[8]. Fourier transforms are used to separate signals 
into different frequency bands and wave parameters 
are estimated from the surface elevation energy 
spectrum for each burst [6]. 
 
3.4 Additional scaling factor calculation 
As shown in Figure 2, the trigger for this study is the 
discrepancy in wave heights between those derived 
by AWAC measurements and PT measurements, 
both of which have been corrected for DPA.   
 
Firstly, a Scale Factor, SF is calculated using 
Equation 5.  
                            𝑆𝑆𝑆𝑆 = (𝐻𝐻𝑠𝑠𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝐻𝐻𝑠𝑠𝑃𝑃𝑃𝑃)  

(𝐻𝐻𝑠𝑠𝑃𝑃𝑃𝑃)
                        (6) 

where SF = Scale Factor; HsAWAC = significant wave 
height derived from AWAC measurements; HsPT = 
significant wave height derived from PT pressure-
corrected measurements. The final SF is calculated 
by taking the average of the individual SF values 
over a period of a particular time duration. 
 
Secondly, the wave heights derived from the 
pressure-corrected PT measurements were 
multiplied by 1+SF in order to bring the PT pressure-
corrected wave heights closer to the AWAC wave 
heights.  
 
              𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃 & 𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑐𝑐𝑐𝑐 𝑢𝑢𝑝𝑝 = (𝐻𝐻𝐻𝐻𝑃𝑃𝑃𝑃 ) ∗ (1 + 𝑆𝑆𝑆𝑆)            (7)                                  
 
Where HsPT & scaled up = scaled up significant wave 
height of pressure-corrected PT measurements. 
 

The SFs for the Inner and Outer locations are 0.14 
and 0.09 respectively for the period of 1 March – 24 
April 2018. Figure 5 shows the comparison of wave 
heights between AWAC measurements and scaled-
up PT pressure-corrected wave heights and they 
were in good agreement.   
 
4. Results and discussion 
The scaled-up PT wave heights are now very close 
to the AWAC measurement wave heights (Figure 
5). The same procedure was carried out for 43 
concurrent measurements of AWAC and PT at 10 
different locations in different times of the year over 
the period of 2016-2021. 43 data sets reduced to 30 
scenarios when some long data sets (> one year) 
were averaged over the same seasons. The SFs 
were also calculated for total, swell and sea wave 
types.  Table 1 summarises the SFs calculated for 
the above 10 locations. 

 

 
Figure 5    Comparison of total significant wave heights 
(Hs)) derived from AWAC (green), PT pressure-corrected 
(red) and PT pressure-corrected & scaled-up wave 
heights (blue). Panel (a) – Bremer Bay Inner point, Panel 
(b) – Bremer Bay Outer point.  

 
Geospatial positions of the 10 locations are shown 
in Figure 6. They are spread from Port Hedland, 
north-west, to Bremer Bay, in southern of the 
Western Australia, and at different water depths 
ranging from 3.4-12.5 m MSL (Table 1).  
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Figure 6 Locations of AWAC and PT concurrent 
measurements 
 
Table 1   Scale Factors for total, swell and sea waves 
over different seasons 

Location  
Depth 

(m) Sea 
son 

Scale Factor for 

MSL total swell sea 
Port 

Hedland  4.5 Sum  1.62 0.03 1.78 
Aut  1.85 0.00 2.26 

Tantabiddi 4.0 

Spr  1.03 0.06 2.86 
Sum  1.36 0.09 3.18 
Aut  0.63 0.00 2.03 
Win  0.39 0.02 1.10 

Geraldton 
Outer 5.7 

Spr  0.10 0.05 0.21 
Sum  0.06 0.04 0.13 
Aut  0.09 0.02 0.31 
Win  0.36 0.07 1.19 

Jurien South 12.3 Spr  0.44 0.03 1.70 
Sum  0.42 0.03 1.39 

Jurien West 7.0 Spr  0.55 0.02 1.73 
Sum  0.72 0.03 2.18 

Guilderton 12.5 Sum  0.65 0.02 2.49 
Aut  0.52 0.02 2.41 

Cottesloe 9.7 

Spr  0.40 0.00 1.21 
Sum  0.65 0.00 1.84 
Aut  0.38 0.01 1.45 
Win  0.35 0.00 1.27 

Port 
Geographe  4.2 Win  0.76 0.00 0.31 

Spr  0.17 0.08 1.16 

Bremer Bay 
Inner 3.4 

Spr  0.13 0.06 0.41 
Sum  0.20 0.09 0.61 
Aut  0.32 0.10 1.44 
Win  0.20 0.07 0.73 

Bremer Bay 
Outer 9.2 

Spr  0.15 -0.01 0.38 
Sum  0.18 0.01 0.35 
Aut  0.15 0.00 0.37 
Win  0.14 0.00 0.48 

SF reflects the gap between AWAC wave heights 
and the PT pressure-corrected wave heights. In 
other words, the higher the SF, the larger the wave 
height discrepancy, and hence implies the dynamic 
pressure correction has not been sufficient.  
 
4.1 Effect of wave period on Scale Factor  
As shown in Figure 7, SFs are in the sequence of 
SF swell< SF total< SF sea. SF swell is the lowest. 
This sequence is common for all 30 scenarios from 
the 10 locations.  

 
Figure 7 SF variation for the 30 scenarios from the 10 
locations for total, swell and sea wave types. The order of 
the locations in x axis is from north to south (Figure 6).  

 
That is because, the energy at the swell wave 
frequency band, 0.4-0.125 Hz, is less susceptible to 
DPA than the sea wave frequency band, 0.125-0.5 
Hz. Therefore, the correction for DPA is fairly small, 
resulting in the corrected wave heights being much 
closer to the AWAC wave heights and hence, the 
SFs also being very small.  On the other hand, SF 
for sea is the largest because of the energy at the 
sea frequency band being underestimated due to 
the DPA and hence, need a larger SF to 
compensate the wave height underestimation.  
 
In order to get a better understanding of the effect 
of the wave period on the SF, scatter plots were 
generated between the SFs and the peak periods 
(Tp) for three different depth groups; 2-5, 5-10, 10-
15 m (Figure 8). The relationship between the SF 
and Tp is represented by a liner regression equation 
for total, swell and sea wave components. It should 
be noted here that Port Hedland and Tantabiddi SF 
values are not included for the scatter plots as they 
are located in a geographically different area than 
the other locations.   
 
The linear regression equations of the sea and total 
wave components have negative gradients in 2-5 m 
depth, showing that the short period waves need 
higher SF values. This observation can also be 
seen in the total wave components in 5-10 and 10-
15 m depths.   The same observation is expected in 
the sea wave component in 5-10 and 10-15 m 
depths however, those equations have positive 
gradients. The scatters are largely spread in the sea 
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wave component in (b) and (c) therefore, the 
gradients might have been affected by the large 
variance. However, this is to be further investigated 
with the availability of more data sets in the future.  
  

 

 
Figure 8 Scatter plots of SFs and Tp for total, swell and 
sea wave components at (a)   2-5 m  (b)  5-10 m, (c) 10-
15 m depths. 

 
4.2 Effect of depth on Scale Factor  
The SF values given in the Table 1 were used to plot 
scatters between the SFs and the depths (Figure  
9). Again, the SFs at Port Hedland and Tantabiddi 

were not included as described in the previous 
section.  
  

 
Figure 9  Scatter plot of SFs and depths for total, swell 
and sea wave components.  

As expected, the linear regression equations of the 
sea and total wave components have positive 
gradients. It indicates that the PT pressure-
corrected wave heights need higher SFs in deeper 
waters.  
 
The liner regression equations of the swell wave 
component in both Figure 8 and Figure 9 do not 
show a significant variation of SF with Tp and depth, 
as the swell waves are the least affected wave 
component for the DPA.    
 
4.3 Effect of geographical location on Scale 

Factor 
Figure 7 shows the variation of SF according to the 
geographical location. The locations in the north 
west region, Port Hedland and Tantabiddi, have 
relatively higher SF values for sea waves (and total 
waves as a result) than those of the locations in the 
south west region. The north west region of the 
Western Australian coastline is characterised by 
semi-diurnal macro tides. In such condition, incident 
wave heights are modulated by   tides at semi-
diurnal frequencies [3] and hence, the short-period 
waves are more affected by the DPA.  
 
4.4 Future application of Scale Factor 
Having considered the calculated SFs summarised 
in Table 1, we developed a range of SFs based on 
the following considerations for future applications; 
 
• A depth range for Instrument deployment  
• Seasonal variation of SF is considered as less 

significant at this moment and will be 
incorporated after sufficient data is available.  

• Separate SFs for total, swell and sea wave 
components.  

• Depending on project requirements, ability to 
apply conservative (larger) and non-
conservative (smaller) SFs.  
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With the ongoing SONDAP project, we will have 
more concurrent measurements from AWACs and 
PTs in the future. We will continue this data 
collection until we collect a considerable amount of 
data sets from many different locations that cover a 
longer time duration. It will be useful to create a 
robust matrix of SFs and the PTs can be deployed 
independently with good confidence in the future.  
 
The wave heights that derived by the AWAC PUV 
method, are widely used within the DoT maritime 
projects. At the beginning of the AWAC program in 
2003, a comparison has been carried out by 
deploying an AWAC and a waverider buoy at side 
by side to measure waves. The wave heights 
derived by the AWAC acoustic surface tracking and 
the PUV methods were in good agreement with the 
wave heights derived by the waverider buoy. The 
reliability of the AWAC wave estimating methods 
have been well documented by the manufacture, 
Nortek [6], [7], [8].  Therefore, in this study the wave 
heights derived by the AWAC PUV is considered as 
the baseline for PT wave height comparison and to 
develop the set of SFs.  
 
This wave height correction is an important part of 
the quality assurance procedures of PT data 
products, and eventually will become an integral 
part of the SONDAP data analysis and 
management.   
 
5. Conclusion 
Wave heights were calculated from 43 concurrent 
measurements from AWAC and PT at 10 locations 
in Western Australia and we found that the wave 
heights derived from the PT measurements were 
lower than that of the AWAC.  The main reason for 
this underestimation is the DPA effect that 
inherently associated with the PT measurements. 
 
The PT measurements were corrected for the DPA. 
However, the calculated wave heights were still 
lower than the AWAC wave heights. 
 
In order to compensate for the gap, we have 
developed and introduced a Scale Factor to scale-
up the pressure-corrected PT wave heights.  The 
pressure-corrected and scaled up PT wave heights 
were in good agreement with the wave heights 
derived by the AWAC measurements.   
 
• SFs of swell waves are very small < 0.1. Sea 

wave SFs are the largest and have a fairly 
large variance. SFs of total waves, which are 
generally the resultant of sea and swell, mostly 
stay at the middle.  

• The SF is inversely proportional to the Tp and 
lineally proportional to the depth.  

• SFs do not show a significant variation with 
weather seasons therefore it was not 
presented here. 

• The locations which are in the north west 
coastal region have larger SFs than the south 
west coastal region locations.   
 

In the future, PTs can be deployed standalone and 
the data can be corrected confidently by applying 
SFs.  
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Abstract 

At the mouth of the Clutha River, Molyneux Bay, the Otago Regional Council (ORC) own and maintain the 
Lower Clutha Flood Protection and Drainage Scheme (LCFPDS) comprising of mouth training wall structures, 
flood banks and coastal drainage channels protecting highly productive agricultural land and settlements on 
the Clutha delta.  Historically the mouth of the river split into two during a flood event in 1878 and has migrated 
alongshore about 6 km since this time.  In the 1950’s the upper river catchment was dammed for hydro-electric 
power generation and the LCFPDS was started.  Since this time the shoreline of the delta has eroded by up 
to 300 m in places, with rates accelerating to up to -10 m/yr since construction of the mouth training structures 
in the early 1980’s raising concern within ORC on the future of the structures and effectiveness of the LCFPDS. 

Investigations have been undertaken to understand the reasons for the rapid erosion and to assess likely 
erosion and shoreline morphology changes over the next 30 to 50 years with sea level rise and climate change. 
To help guide decision making on the future management of the LCFPDS infrastructure, the assessment also 
considered at a high level a range of possible management options for dealing with the erosion impacts, and 
the consequences of these options on the resilience and efficiency of the LCFPDS to provide flood control and 
drainage for the lower Clutha Delta. 

This paper presents an overview of the results of the investigations, hazard assessment, the impacts on the 
infrastructure of the LCFPDS, and the possible management options for dealing with these impacts over the 
next 30 to 50 years.  

Keywords: Coastal erosion, Sea level rise, mouth training structures, resilience, erosion mitigation 

1. Introduction 
Since the 1950’s, the Clutha River, has been a 
major hydro-electric power catchment located in the 
Otago region, South Island New Zealand (Figure 1).  
At around the same time, the Otago Catchment 
Board, now the Otago Regional Council (ORC), 
implemented the Lower Clutha Flood Protection and 
Drainage Scheme (LCFPDS) to control flooding and 
drainage on the highly productive coastal plain on 
the Clutha River mouth delta.  The scheme consists 
of 100 km of flood banks, 200 km of contour and 
drainage channels, tide gate structures, pumping 
stations, lower river protection works, and river 
mouth training structures.   
 
Modified river flow regime following the construction 
of the Roxburgh hydro dam (1957) was considered 
to be a factor in more frequent river mouth offsetting 
and partial blockage, resulting in the construction of 
river training walls in the 1970’s and 1980’s to 
alleviate the associated negative impacts on 
drainage and flood risk. Prior to the construction, the 
shoreline fluctuated between periods of erosion and 
accretion. However, since this construction coastal 
erosion along the southern parts of the delta has 
accelerated up to -10 m/yr, raising concerns on the 
future of the mouth training walls structures and 
effectiveness of the whole LCFPDS.   
 

As a result of these concerns, ORC commissioned 
Jacobs in May 2020 to undertake a coastal 
morphology and climate change investigation of the 
Clutha Delta shoreline, with the objectives of the 
study being to guide decision making around the 
future of the LCFPDS assets by:  
• Determining the cause of the accelerated 

erosion 
• Quantifying the magnitude of future erosion 

over 30 and 50-year timeframes 
• Identifying the vulnerability of LCFPS assets to 

this erosion 
• High level assessment of potential 

management options to deal with the erosion 
issues.  

 
2. Geomorphologic Setting 
The Clutha Delta shoreline covers 11 km in 
southern Molyneaux Bay (Figure 1).  The Clutha 
River is the largest in the Otago Region, draining 
over 20,000 km2 with a mean average discharge in 
the lower reaches (Balclutha) of 570 m3/s and a 
recorded peak flood flow of over 5000 m3/s.  The 
coastal plain of approximately 100 km2 is 
considered to be 15 m thick laid down during flood 
events over the last 6500 years of the Holocene [1].  
The bifurcation of the lower Clutha into two 
branches at the western limit of the coastal plain is 
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considered to have only occurred about 500 years 
ago with the formation of the southern Koau Branch.   
However, early survey maps [2] show a common 
mouth at the southern limit of Molyneux Bay, with 
the lower river flowing parallel to the sand beach 
system for approximately 6km.  This mouth opening 
was large enough to be used as a harbour (Port 
Molyneux) in the early days of European occupation 
(1840’s to 1870’s). In September 1878, the largest 
recorded Clutha Flood forged a new mouth for the 
northern Matau branch of the river at its 
contemporary position near Summer Hill. The 
mouth of the Koau Branch has fluctuated around a 
position approximately 1 km north of the former 
harbour entrance.  

 
Figure 1: The Lower Clutha River delta and study area 
extent. 
 
The most recent estimate of natural total sediment 
yield of the Clutha River at Balclutha is 2.38 Mt/yr, 
or which 0.99 Mt/yr, equivalent to 550,000 m3/yr is 
likely to be sand and gravel [3] that could 
theoretically contribute to the coastal sediment 
budget. However, the construction of the hydro-
electric power generation dams on the upper 
catchment (Roxburgh 1957 and Clyde 1992) has 
resulted in an estimated 95% reduction in 
downstream sediment yield [3].  Resulting estimates 
of post damming sand and gravel supply to the 
coastal sediment budget are in the order 41,100 
m3/yr [4] to 69,400 m3/yr [1].   
 
The beach south of the Koau mouth comprises a 

low sand ridge (4-4.5 m amsl) which is frequently 
overtopped by wave run-up resulting in sediment 
rollover into the coastal lagoons and wetlands of the 
former Clutha mouth channel and the Puerua 
Diversion of the LCFPDS (Figure 2).  The shoreline 
between the Koau and the Matua River mouths is 
characterised by a primary sand dune system in the 
order of 5-m amsl and a secondary dune in the order 
of 7-10 m amsl.  The primary dunes extend north of 
the Matau mouth and are backed by a 25 m former 
marine terrace known as Summer Hill.   

 
Figure 2: Beach rollover south of the Koau mouth into 
former Clutha mouth channel and Puerua River Diversion. 
 
The continental shelf off Molyneux averages 30 km 
in width and has a very gentle sloping profile (1:200 
in general) to outer edge water depths in the order 
of 120 to 150 m. The inner shelf is covered with a 
large Holocene sand wedge supplied by Clutha 
River sediment and sand bypassing Nugget Point.  
The wedge is widest and thickness opposite the 
Clutha Mouth, and is estimated to have 
accumulated over the Holocene at rates of 750,000 
m3/yr [1] to 847,000 m3/yr [5].   
 
3. Lower Clutha Flood Protection and 

Drainage Scheme (LCFPDS) 
The major components of the LCFPDS relevant to 
this study are shown in Figure 3. 
 

 
Figure 3: Key components of the LCFPDS 
 
At the southern Koau Mouth a rock armour training 
wall was constructed on the northern side of the 
mouth channel in 1972/73 to restrict northerly mouth 
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offsets, and a second 350 m long rock training wall 
was constructed on the southern side of the mouth 
in 1983/84 to restrict southward migration of the 
mouth channel (Figure 4). At the northern Matau 
mouth, a 650 m training wall aligned parallel to the 
shoreline was constructed on the south side of the 
mouth (see Figure 3) in 1987 to control southerly 
mouth offsets.  To improve performance of this wall, 
the end was extended in 1993 and 2018.   
  

 
Figure 4: Training walls at the southern Koau mouth. 
 
4. Investigation Methods 
4.1 Historical shoreline movements 
Historical coastal erosion patterns were determined 
from digitised shoreline positions from eight imagery 
dates between 1946 and 2020. Earlier cadastral 
shoreline positions back to 1840’s were not used 
due to their lack of relevance for extrapolation into 
the future, however they provided useful context for 
shoreline conditions prior to modifications in the 
catchment. The GIS based DSAS (Digital Shoreline 
Analysis Systems) tool was used to calculate the 
net shoreline movements and long-term historical 
rates of change from linear regression at transects 
located at 50m intervals, creating 221 transects 
over the 11km of shoreline.  As well as the total time 
periods, the rates were analysed for differences pre 
(1946-1972) and post (1982-2020) construction of 
the Koau Mouth Southern Training Wall, to 
determine whether this has a significant influence 
on erosion patterns.  
 
4.2 Future Shoreline Projections 
Future shoreline projections were calculated from 
the combination of extrapolation of past rates of 
shoreline movement and estimated erosion from 
accelerated sea level over the next 30 and 50-year 
timeframes.  For the extrapolation of past rates, the 
50-year projections included two scenarios for the 
future of the Koau southern training wall; (1) being 
maintained (e.g. extrapolation of post construction 
rates) and (2) being removed in 2050 (e.g. 

extrapolation of the pre-construction rates for period 
2050-2070).  Erosion projections due to accelerated 
sea level rise were calculated using a modified 
Bruun Rule approach to account for beach rollover 
[6]. Sea level rise scenarios used in the assessment 
covered the range of magnitudes from MfE (2017) 
[7] being 0.2 m to 2050, and 0.4 to 0.6 m by 2070.   
 
A probabilistic approach was applied to manage the 
uncertainty in the data inputs required for the 
calculation of future shoreline positions, involving 
the use of a Monte Carlo Simulation to generate 
10,000 random realisations of potential shoreline 
positions.  From the resulting distribution, the 50th 
and 95th percentile observations were used to 
represent ‘most likely’ and ‘very unlikely’ erosion 
distances respectively.  
 
5. Historical Shoreline Movements 
The DSAS results presented in Figure 5 show that 
historically the southern section of the delta has 
been eroding over the last 70+ years, but with a 
significant increase in the rates of retreat from less 
than -1 m/yr pre-wall construction at the southern 
end of the bay, up to -10 m/yr since the construction 
of the southern Koau mouth training wall.   
 
Within the earliest timeframe (e.g. pre training wall), 
the most southern sections of shoreline fluctuated 
between erosion and accretion, with erosional 
periods corresponding to northward mouth offsets, 
and shoreline advance being associated with 
southern mouth offsets nourishing this part of the 
beach.  In contrast, for the periods following the 
construction of the southern training wall, trends of 
shoreline movement over the whole cell have been 
consistently erosional throughout all time intervals.  
 
The mechanism of this post wall acceleration in 
erosion over the whole cell appears to be a negative 
feedback loop of increased beach rollover lowering 
dune crest elevations, which in turns allows more 
frequent rollover and therefore further increased 
shoreline retreat. This is a common shoreline 
response for beaches lacking sediment supply that 
are rolling back onto wetlands, lagoons or low 
hinterlands. There are four combined possible 
causes of the reduced sediment supply to these 
southern beaches:  
1. A lagged response to the reduced sediment 

supply from the Clutha River since the 
construction of the Roxburgh Dam (1957).   

2. Lack of significant floods in the Clutha River in 
the 20 years from November 1999 to December 
2019.  The only other decades in the past 150 
years that did not experience events greater 
that 2000 m3/s were the 1880’s and 1890’s [8].   
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Figure 5: Comparison of rates of shoreline movements for pre (1946-1982) and post (1997-2020) southern training wall 
construction (south to north along the shore is left to right on the plot). 
  
3. The presence of the southern training wall 

preventing southern migration of the river 
mouth, therefore removing any significant 
periodic sediment inputs to the southern 
beaches.   

4. The alignment of the training walls directing the 
ebb tide jet further offshore and into the more 
northerly sediment transport pathway. 

 
The spatial pattern of greatest retreat in the 
southern section is consistent with the wave 
refraction pattern and lack of beach/nearshore 
longshore supply around the headlands of the 
northern Catlins (e.g. Nugget Point and Kaka Point), 
therefore supply is limited to periods of southerly 
counter drift and southward by-passing of the 
training wall, and offshore from the nearshore 
wedge. The lower erosion rates for the beaches 
closest to the Koau mouth reflect that they can 
receive some sediment redirected onshore from the 
current ebb tide delta and from northward 
alongshore transport of sediment trapped against 
the training wall.   
 
For the middle section of the delta shoreline 
between the two river mouths, the shoreline has 
also experienced net retreat over the total 70+ year 
period, but at lower rates and with a spatial trend of 
reducing retreat in a northerly direction due to the 
dominance of net northerly longshore transport [9], 
hence this shoreline regularly receives sediment 
supplied to the coast via the Koau branch.  Although 
the rates of shoreline movement have generally 
been similar across pre and post training wall 
periods, these mask shorter phases of erosion and 
accretion immediately north of Koau mouth, 
particularly prior to the construction of the northern 

training wall. Conversely, the shoreline north of the 
Matau mouth shows continued accretion over the 
total 70-year time frame due to benefiting from 
longshore transport of sediment supply from both 
rivers.   
 
6. Future Projections and LCFPS 

vulnerability  
6.1 To 2050  
For these projections it was assumed that the mouth 
training walls remained in place, hence the 
extrapolation of past movements were at the post 
wall (1982-2020) rates. This is considered 
appropriate as erosion will continue to be into the 
wetland and former river channels until the 
shoreline intersects with LCFPS stopbanks. This 
extrapolation combined with the effects of sea level 
rise (0.2 m) resulted in ‘most likely’ erosion 
distances (e.g. P50) greater than 300 m at the 
southern end of the delta, and over 200 m 
immediately south of the Koau mouth. As shown in 
Figure 6, these projected retreat distances would 
result in the back of beach being located at the 
landward extent of the southern training wall such 
that 150-170 m of wall would be exposed to direct 
wave attack, likely resulting in significant increase in 
the costs required to maintain this structure.  
Drainage along the Puerua Diversion channel would 
most likely be blocked or at least compromised, and 
around 500m of flood bank along the channel is also 
likely to be compromised by shoreline retreat, with 
a 5% chance that the whole length could be affected 
over this time frame. 
 
Between the river mouths, the projected erosion 
distances are less, with the ‘most likely’ erosion 
reducing from -65 m at the Koau mouth to -20 m 
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near the Matau mouth. As shown in Figure 7, 
although this projected erosion does not impact any 
flood banks, the shoreline is projected to be located 
very close to the position of the Matau River training 
wall, indicating that the beach may roll over the top 
of this structure exposing the front to damage from 
open coast processes. To the north of the Matau 
mouth, the shoreline is ‘most likely’ to remain 
accretionary as the positive influence of sediment 
supply is projected to be greater than the erosional 
impacts of sea level rise. 
 
6.2 To 2070  
6.2.1 With southern training wall maintained 
As shown in Figure 6, under this scenario, the ‘most 
likely’ (e.g. P50) erosion at the southern end of the 
delta is projected to be in the range of -540 m to -
570 m for sea level rise of 0.4 m and 0.6 m 
respectively, reducing to -380 m to -400 m adjacent 
to the southern training wall.  The small difference 
in these erosion distances indicates that future 
shoreline position is much more sensitive to the 
extrapolation of contemporary retreat due to the 
lack of sediment supply than to sea level rise.   
 
The consequences to the LCFPDS assets of the 
projected retreat are the same under both sea level 
rise scenarios, being outflanking of the southern 
training wall and the loss of the total length of the 
Puerua Diversion channel and stopbanks.  This will 
cause substantial drainage and flood protection 
issues for the southern part of the delta.   
 
Between the river mouths, the projected ‘most likely’ 
erosion distances adjacent to the Koau mouth range 
from -110 m to -130 m for the two sea level rise 
scenarios, reducing to -40 to -55 m at the Matau 
mouth (Figure 7).  At the Koau mouth these erosion 
distances would result in the whole length of the 
northern training wall being exposed to direct 
coastal processes, but the shoreline is projected to 
still be up to 500 m seaward of the Inch Clutha 
channel outlet structure.  At the Matau mouth the 
projected shoreline position is landward of the 
training line.  
 
6.2.2 Southern training wall removed in 2050  
Under this scenario it is assumed that the Koau 
southern training wall is removed in 2050, with the 
extrapolation of past shoreline movements for the 
2050-2070 period being at the pre-wall (1946-1972) 
rates.   
 
As a result, the erosion distances at the southern 
end of the delta are predicted to be reduced in the 
order of 150-180 m from the above wall-maintained 
scenario, and by around 40 m around the middle of 
the southern cell.  However, as shown in Figure 6, 
despite these reduced erosion projections the 
consequences on the Puerua Diversion channel 
and flood banks are the same as for the wall being 

 
Figure 6: Projected future shoreline positions for 2050 and 
2070 south of the Koau mouth.  

 
Figure 7: Projected future shoreline positions for 2050 
and 2070 between the Koau and Matau River mouths. 
 
maintained.  Erosion is projected to increase by 
around 45 m immediately south of the southern wall 
position due to the ability of the mouth to again 
migrate south, resulting in similar consequences of 
increasing lower river flood risk from reduced 
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efficiency of flood discharge. Between the river 
mouths, the projected erosion distances are the 
same as for the wall being maintained scenario due 
to the extrapolation of the historical rates being 
taken from the whole period in both scenarios.  
 
7. Discussion  
To help guide decision making around the future of 
the LCFPDS assets, the study included a high level 
assessment of possible coastline management 

options that ORC could employ to address the 
coastal erosion issues and/or the consequences for 
the LCFPDS infrastructure likely to occur over the 
next 30-50 years. Table 1 presents the strengths 
and weakness of the various options covering a 
range of options including do nothing, soft 
engineering, hard engineering, and waterway 
diversions. 
 

 
Option Strength Weakness/ Consequences 
Do nothing  • No additional costs. • Existing training wall maintenance costs likely to 

increase. 
• Ongoing shoreline erosion with the shortest time 

to total loss of training wall function and 
compromise of Puerua Diversion drainage.  

Back beach push up/ 
reconstruction  
(sand sourced from back 
dunes) 
 
 
 
 

• Slows shoreline recession by adding 
sediment from back dunes to active 
beach system.  

• Buys time for decision on training wall 
future. 

• Incremental implementation possible. 
• Increased protection against coastal 

inundation (can mitigate wave over 
wash). 

• Slows loss of drainage capacity of 
Puerua Diversion. 

• Low additional cost. 

• Does not address sediment supply deficit or sea 
level rise (SLR) impacts and therefore does not 
provide long-term solution. 

• Limited service life (probably 10-20 years; 
dependent on volume of sand that can be 
sourced from back dunes). 

• Does not directly address maintenance 
requirements on training wall. 

Sediment bypass from north 
to south of Koau River Mouth 
(for example sediment slurry 
pipeline across river mouth). 
 

• Slows shoreline recession along 
shoreline between Kaka Point and Koau 
River Mouth. 

• Buys time for decision on training wall 
future. 

• Slows loss of drainage capacity of 
Puerua Diversion. 

• Increases shoreline recession along shoreline 
between Koau and Matau River entrances. 

• Does not address sediment supply deficit or 
SLR impacts and therefore does not provide 
long-term solution.  

• Does not directly address maintenance 
requirements on training wall. 

• Substantial ongoing cost. 
Beach nourishment  
(sand sourced from storage 
on the nearshore sand 
wedge) 
 

• Offsets shoreline recession by adding 
sediment from the nearshore wedge.  

• Long-term, adaptive solution. 
• Buys time for decision on training wall 

future. 
• Slows loss of drainage capacity of 

Puerua Diversion. 

• Will require ongoing works (cost will increase 
over time) 

• Does not directly address maintenance 
requirements on training wall. 

• High capital and ongoing cost.  
 

Relocate Puerua Diversion 
channel landward 

• Ensures drainage from this catchment is 
not compromised by shoreline recession 
processes. 

• Reduces likelihood of dune breaching 
during fluvial flood events. 

• Potential land ownership issues. 
• Does not address coastal erosion issues 

including loss of training wall function. 
• High cost. 

Create new mouth for Puerua 
River  

• Could improve flood drainage from this 
catchment.  

• Ensures drainage from this catchment is 
not compromised by shoreline recession 
processes. 

• Reduces likelihood of dune breaching 
during fluvial flood events. 

• Effectiveness of mouth training structure 
uncertain. 

• Does not address coastal erosion issues 
including loss of training wall function. 

• High cost as would require new training 
structures to maintain open outfall to ocean. 

 
Progressive shortening of 
Koau Training Walls as south 
coast erodes back  

• Reduces wall maintenance costs. 
• Reduces shoreline recession rate to 

south of Koau River Mouth as groyne 
effect on longshore sediment transport 
past entrance is reduced. 

 

• Progressively higher risk of outflanking and 
channel migration, leading to entrance 
instabilities and associated erosion episodes, 
increased catchment flooding and possible 
water quality issues. 

• Increases shoreline recession along shoreline 
between Koau and Matau River entrances. 

Realignment of Koau Training 
Walls to allow more sediment 
supply to south 

• Potentially retains effectiveness in 
preventing mouth migration and coastal 
inundation. 

• Reduces wall maintenance costs. 
• Reduces shoreline recession rate to 

south of Koau River Mouth as groyne. 

• Ongoing increase in shoreline recession along 
shoreline between Koau and Matau River 
entrances due to increased supply to the south. 

• High capital cost. 
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It is noted that the above options and the following 
conclusions have not been shared with the 
community, LCFPDS stakeholders, or ORC 
councillors. However, it is recognised that for ORC 
and stakeholders  to make informed decisions on 
the feasibility of the options, more information on the 
multi-criteria analysis of engineering, 
environmental, social and economic factors of these 
options is required to develop and evaluate an 
adaptative plan of acceptable options. It is also 
recognised that evaluation of the effectiveness of 
the options and for more detailed design, further 
investigations on future coastal process, entrance 
dynamics, and/or flood impacts will be required.  A 
current limitation for these investigations is the 
limited data on spatial and temporal trends of 
shoreline changes, and how this relates to waves, 
water levels, coastal storm events and river flows 
including floods. ORC are currently considering 
ways for improving the temporal coverage of regular 
monitoring data to address these limitations.   
 
8. Conclusions 
Coastal erosion rates along the southern part of the 
delta have historically been eroding since at least 
the 1940’s, but have accelerated to greater than -10 
m/yr since the construction of the Koau mouth 
training walls in the 1970’s and early 1980’s.  The 
mechanism of this post training wall acceleration in 
erosion over the whole southern cell appears to be 
a negative feedback loop of increased beach 
rollover lowering dune crest elevations, which in 
turns allows more frequent rollover and therefore 
further increased erosion. This is a common 
shoreline response for beaches lacking sediment 
supply that are rolling back onto wetlands, lagoons, 
or low hinterlands. This reduced sediment supply is 
considered to be due to a combination of:  

• A lagged response to the reduced supply from 
the Clutha River since the construction of the 
Roxburgh Dam (1957).   

• Lack of significant floods in the Clutha River in 
the 20 years from November 1999 to December 
2019.   

• The presence of the southern training wall 
preventing southern migration of the river 
mouth, therefore removing any significant 
periodic sediment inputs to the southern 
beaches.   

• The alignment of the training walls directing the 
ebb tide jet further offshore and into the more 
northerly sediment transport pathway. 

Projected future shoreline erosion over the next 30-
year timeframe are in excess of -300 m for the 
southern end of the delta and in the order of -220 m 
adjacent to the Koau southern wall.  As a result, 
150-170 m of this training wall is projected to be 
exposed to direct wave energy, which would 

significantly increase future maintenance costs. The 
Puerua Diversion channel and 500 m of flood bank 
would also be compromised by erosion. Projected 
shoreline positions over the next 50 years with the 
southern training wall being maintained in its current 
position would result in the wall being outflanked, 
and the shoreline moving landward of the Puerua 
Diversion channel and flood banks over their entire 
length. This would result in substantial drainage and 
flood protection issues for the southern part of the 
delta.  These effects are projected to still occur if the 
southern training wall was removed in 2050.   
 
A high-level assessment of the strengths and 
weaknesses of possible coastline management 
options has been undertaken to help guide decision 
making around the future of the LCFPDS assets. 
These options cover a range of solution types 
including do nothing, soft engineering, hard 
engineering and waterway diversions.  More 
information on the multi-criteria analysis of the 
engineering, environmental, social and economic 
factors of these options is required to develop and 
evaluate an adaptative plan of acceptable options, 
and further regular monitoring is required to 
overcome data limitations. 
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Abstract 
This paper investigates the wind speed forecast skill of the Australian Bureau of Meteorology’s (BoM) Western 
Port Local Waters Forecast (WPLWF), in Victoria, Australia. Forecasts were compared to site wind speed 
recordings from the land-based Rhyll and Cerberus BoM Automated Weather Stations (AWS), and a Victorian 
Regional Channels Authority anemometer located in the shipping channel near Hastings. 
 
From the analysis, it was determined that the WPLWF generally under predicts higher wind speeds when 
forecasting greater than 24-48 hours out from the event; generally does not forecast wind speeds greater than 
35-40 kn more than 48 hours out from an event which coincides with the wind warning windows; and 
underpredicts a larger number of the stronger wind speed events at Hastings, compared to Rhyll and Cerberus. 
Furthermore, it is unclear how the WPLWF would perform during a severe wind event above 40 kn as no such 
event has occurred during the recording timeframe.  
 
Understanding the wind forecast skill can influence the wind speed thresholds to stop operations, or to invest 
in a specialised forecast at the terminal location to reduce the wind limit safety margin. 
 
Keywords: Wind Forecast, Port Operations 
 
1. Introduction 
Port operations have governing weather limitations 
which are typically determined through mooring 
analysis for ships, and port plant wind speed 
ratings. The decision to stop operations can be 
expensive, and requires time and planning (up to 
24 hours), especially if the wind speed and/or 
direction is different to what has been forecast. 
Therefore, there is a reliance on accurate wind 
forecasts to assist in risk mitigation and decision-
making regarding operations. 
 
Understanding the forecast skill of the provider can 
inform the port operator whether further weather 
contingencies or specialised forecasts are required.  
 
Marine forecasts can be prone to bias of up to 8% 
[6] [9]. However, the Bureau of Meteorology (BoM) 
implements a reanalysis methodology to reduce this 
bias over time called the Bureau of Meteorology 
Atmospheric high-resolution Regional Reanalysis 
for Australia (BARRA). Utilising this method, the 
BoM aims to reduce the bias and gain a greater 
understanding of the weather patterns over 
Australia over time [1]. For clarity, model data used 
within this paper is from forecasts, not BARRA 
output. 
 
A methodology for comparing the forecast wind 
speeds to measured site data is presented in this 
paper, using an example study for Hastings in 
Western Port, Victoria. 
 
2. Methodology 
2.1 BoM Local Waters Forecast Production 
The BoM produces a range of forecasts for areas 
around Australia, based on a range of models run 

both in Australia and overseas. The local waters 
forecasts are a subset of these, developed using an 
automated computer analysis, before being refined 
by manual inspection prior to issuing publicly. The 
wording of individual local water forecasts is 
developed by BoM text formatters, developed 
based on strict overarching principles to ensure 
consistency between different forecasts, and to 
ensure the forecast is clear and concise. A more 
detailed methodology for the development of the 
local waters forecast is explained below [5]: 
 
1. The 3 km gridded Australian Digital Forecast 

Database (ADFD) is used to generate hourly 
statistics for the forecast area of high winds. 
This is undertaken by: 
a. For each hour, extracting wind speed 

parameters for each data point within the 
forecast area, 

b. Calculating the upper 90th percentile wind 
speed parameters of these data points,  

c. Based on this produce a timeseries of 
hourly wind values up to 4 days ahead 

2. Based on this timeseries, periods are grouped 
together (particularly around significant wind 
speed or direction changes) and collated – 
especially when the wind speed passes through 
a defined warning threshold. 

3. The BoM text formatters then develop the local 
waters forecast, using a specific set of wind 
phrase 'archetypes' to maintain consistency, 
such that there are no more than two changes 
in one sentence. 

4. Wind speed range reporting rules are also 
applied (i.e. 5 kn steps below 20 kn and 10 kn 
steps above 20 kn), with consistency enforced 
between the warning for the area (if issued) and 

952



Australasian Coasts & Ports 2021 Conference – Christchurch, 28 November – 1 December 2021 
Wind Forecast Skill for Western Port Victoria 
Gabriel Tooker 
 

the forecast text; for example, if a strong wind 
warning applies for the area, the forecast must 
mention winds reaching 30 kn (i.e. wind speeds 
greater than the 21 kn threshold). 

5. Once the automated text is generated, it is 
manually checked by the BoM forecasters, and 
can be modified if required, before being 
transmitted. 

 
Due to the format of the text forecast, it is difficult to 
extract a timeseries of values from the text that can 
be compared to the measured data. Section 2.2 
describes the method used to produce a recreated 
Western Port Local Waters Forecast (WPLWF), 
which was subsequently used for the remainder of 
this paper. 
 
In addition to the information described in Section 
2.2, the BoM also provided the published WPLWF. 
Results of the recreated WPLWF were randomly 
checked against the published WPLWF to confirm 
the accuracy of the methodology. The recreated 
forecast was found to be generally in line with the 
published forecast, however as the BoM system 
may automatically or manually modify calculated 
wind values, the recreated forecast may not exactly 
match the published WPLWF. 
 
2.2 Recreated Forecast Data Timeseries 

Development 
The forecast files the BoM provided contained the 
hourly surface wind magnitudes, wind direction, and 
gust magnitudes from the 3 km gridded ADFD 
forecast model for the state of Victoria. Due to 
advances in forecasting technology and accuracy, 
the BoM recommended only the last 5 years of 
forecast data should be considered. The steps used 
to develop the Forecast Data Timeseries used on 
this analysis are outlined below: 
 
1. Typically, the ADFD forecast model is only run 

twice daily (morning and evening), however 
when there are strong winds or storm events, 
the ADFD forecast model is run more frequently 
to enable more updates to the published 
forecasts. For the purpose of this paper, the 
standard morning and evening forecast model 
outputs were selected as longer-term forecasts 
are often required when planning port 
operations, not shorter-term forecasts. 

2. As the provided forecast model files were for the 
whole state, the data was filtered for the grid 
points inside of the WPLWF area [4], as shown 
in Figure 1 by the yellow shading. 

3. From this subset of data points, the hourly 
highest 90th percentile wind speeds were 
calculated to correspond to the published 
WPLWF wind values.  

4. As the WPLWF provides a general time (e.g. 
morning, afternoon, evening) rather than 
specific hourly forecasts, new lead-time 

timeseries of 12 hour blocks were then created. 
These timeseries were created such that the 
first datapoint is from File 1 (e.g. afternoon 
dataset), and the last datapoint corresponds to 
one hour before the timestamp of the File 2 start 
time (e.g. morning dataset). This is shown in 
Figure 2, where the red boxes are the 0-12 hour 
lead-time, orange are the 12-24 hour lead-time 
and green is the 24-36 hour lead-time. 

 

 

 
Figure 2: Example of the forecast data windowing for the 
different forecast lead-times 

5. From within these blocks, the maximum value 
from each 12 hour dataset was extracted to 
represent the single value for that period, for 
example the first red box will be changed to 
12.14 knots throughout as this better represents 
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the local waters forecast. Thus, the forecast skill 
for different forecast window periods (i.e. 0-12, 
12-24, 24-36 etc.) can be observed. 

6. For some analyses, these values were then 
rounded up to the next 10 knot value (e.g. 
12.14 kn would become 20 kn) as the WPLWF 
generally forecasts in bands of 5 to 10 knots. 

 
As noted in Section 2.1, the forecast data timeseries 
analysed wind speeds were compared to the 
published WPLWF for random high wind events, 
where it was confirmed that the 90th percentile wind 
speed was an accurate representation. This 
methodology was repeated to analyse the gust wind 
speeds. It is noted that this forecast data was 
collected prior to running through the BARRA 
model. 
 
2.3 Measured Data Timeseries Development 
Three measured wind speed sites around Western 
Port were considered for this analysis, being 
Cerberus and Rhyll Automated Weather Station 
(AWS) (Synchrotac 706 model anemometer [2] [3]) 
managed by the BoM, and the Hastings 
anemometer (Vaisala WXT530 model anemometer) 
managed by the Victorian Regional Channels 
Authority (VRCA). It is noted that the Hastings 
anemometer has a similar wind speed and 
directional accuracy [10] to the anemometers 
installed at Rhyll and Cerberus [8]. Figure 1 shows 
the location of these devices. Cerberus and Rhyll 
AWSs have been operating for a period of decades 
and have data covering the full extent of the forecast 
data timeseries, while the Hastings anemometer 
was commissioned in 2018 and therefore only 
covers 2 years of the forecast data timeseries. 
 
The AWS data for Cerberus and Rhyll were 
provided by the BoM from 2014 to 2020 with the 
wind speed provided at the start of each hour. The 
measured wind at the Hastings anemometer, 
provided by Cardno, was every 10 minutes. This 
Hastings timeseries was converted into two hourly 
sets, one being the value at the start of the hour, 
and the other being the maximum value in the 
preceding hour. These two sets were compared to 
both the recreated WPLWF and the raw BoM AWS 
data. It is noted that no correction factors, such as 
terrain roughness, were applied to the BoM AWS 
data prior to the comparison. 
 
To compare the maximum forecast wind speeds to 
the measured data, the maximum measured wind 
and wind gust speed were determined by also using 
the method explained in Section 2.2 Steps 4 and 5. 
 
2.4 Analysis Methodology 
During the data analysis, different methodologies 
were trialled to determine which was the best 
representation of the BoM forecast skill.  
 

Firstly, the 90th percentile wind speeds for the 
Western Port area were determined and compared 
hour to hour to the measured data. However, 
comparing the hourly forecast wind speed under 
predicted the measured wind speeds at the 
Hastings anemometer. Therefore, the following 
methods were trialled and are included within this 
paper: 
 
• Determining the maximum forecast wind 

speeds per 12 hour lead-time as described in 
Section 2.2 and correlating to hour by hour 
measured data. 

• Determining the maximum forecast and 
measured wind speeds per 12 hour lead-time 
as described in Section 2.2 and 2.3. 

• Rounding up the forecast values to the nearest 
10 kn as is done by the BoM formatters as 
described in Section 2.2. 

• Comparison of measured gust wind speeds to 
the recreated WPLWF gust. 

 
3. Results and Discussion  
3.1 AWS Timeseries Comparison 
Figure 3 shows the timeseries of the AWS datasets, 
where the Hastings Max Hourly data represents the 
maximum hourly wind speed, whereas the Hastings 
data represents the wind speed on the hour. As 
expected, the plot shows that the maximum hourly 
wind speed is greater than the on the hour wind 
speed. As the actual maximum wind speeds will be 
the critical condition for port operations, the 
Hastings maximum hourly wind speed has been 
used for this analysis. Although it is noted that the 
maximum hourly wind speed will provide higher 
wind speeds compared the data from the AWSs. 

 
Figure 3: Timeseries plot of the Hastings anemometer 
showing the value difference between the top of the hour 
wind speed and the maximum of the hour wind speed, 
where the maximum of the hour wind speed is typically 
higher (in some cases equal where the maximum occurs 
on the top of the hour). 

It can also be observed in Figure 4 that the Hastings 
anemometer typically measures higher wind speeds 
compared to Rhyll and Cerberus, with Cerberus 
typically recording the lowest wind speeds. This is 
most likely due to the following: 
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• their proximity to land and therefore sheltering 

from certain directions, and 

 
Figure 4: Timeseries plot of the Hastings anemometer, 
and the Cerberus and Rhyll AWS. The plot shows that the 
available timeseries data for Hastings had a shorter 
measurement period compared to Cerberus or Rhyll. The 
plot also shows that Hastings typically measures a higher 
wind speed than compered to Cerberus and Rhyll. 

3.2 Cerberus and Rhyll AWS vs Recreated 
WPLWF 

Figure 5 and Figure 6 show the comparison 
between the recreated WPLWF wind speed for 
different lead-times, and the recorded AWS wind 
speed for Cerberus and Rhyll respectively. The 
magenta dashed line is a 1:1 relationship, where 
above the line are overestimated recreated WPLWF 
wind speeds, and below the line are underestimated 
recreated WPLWF wind speeds, compared to the 
AWS data. The red line is a linear trendline showing 
the overall trend of the data. 
 
These two plots show that the measured wind at 
Rhyll and Cerberus are often significantly less than 
the recreated WPLWF wind. This can be attributed 
to the following: 
 
• the location of these two AWSs being on land 

and thus outside of the local waters forecast 
area, 

• sheltering from land, especially Cerberus AWS, 
and/or 

• the maximum hourly 90% exceedance value 
wind speed has been used for the 12 hour 
period, for the whole Western Port Bay area. 
The 90% value will only be predicted for one 
location; however Western Port stretches 
approximately 50 km west to east, and 35 km 
north to south. This means there may be times 
when high wind conditions are experienced at 
one extent, with much lower winds at the other 
extent. 

 

 
Figure 6: Forecast wind for recreated WPLWF against 
measured wind at Rhyll AWS for different forecast lead-
times (2014-2020). From the linear trendline, as the 
forecast lead-time reduces, the forecast tends to over 
predict the higher winds speeds. 
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3.3 Hastings anemometer vs Recreated 

WPLWF 
Figure 7 show the comparison between the 
maximum recreated WPLWF wind speed for 
different lead-times and the maximum hourly 
recorded AWS wind speed for Hastings. As 
observed in Figure 3 and commented on in Section 
3.1, the maximum recorded wind speeds at 
Hastings are higher than the recorded wind speeds 
at Cerberus and Rhyll AWS.  

 
Figure 7: Forecast wind for recreated WPLWF against 
measured wind at Hastings anemometer for different 
forecast lead-times (2018-2020). From the linear 
trendline, the forecast tends to under predict the 
measured wind speed, and for the 12 hour lead-time, the 
forecast under predicts the higher wind events above 
35 kn. 

The recreated WPLWF typically over predicts the 
wind speeds at Hastings for measured winds less 
than 15 kn, however under predicts a significant 
proportion of occasions when the measured wind 
speed is over 25 kn, especially where the lead-time 
was greater than 24 hours. This can be seen by the 
red trend line where the gradient becomes steeper 
with lower lead-times. 
 
Figure 8 shows the 12 hour lead-time maximum 
recreated WPLWF wind speeds, which have been 
rounded up to the nearest 10 kn, as explained in 
Section 2.2 Step 6, against the maximum measured 
Hastings wind speed. This shows that the rounded-
up wind speeds typically over estimates wind speed 
compared to the measured wind speeds at 
Hastings. However, care is required as the wind 
speed is not always rounded up to the nearest 10 kn 
increment as the BoM formatters can adjust what 
the published forecast states. There are also times 

when the measured speed is greater than the 
forecast speed. 

 
Figure 8: Forecast wind for recreated WPLWF rounded 
up to the nearest 10 kn against measured wind at 
Hastings anemometer for the 12 hour lead-time (2018-
2020). From the plot, it can be seen that the rounded-up 
forecast wind speed typically is larger than the measured 
wind speed. 

As the recreated WPLWF forecast considers the 
90th percentile wind speed for the whole Western 
Port Local Waters, the forecast wind speeds for the 
ADFD grid point nearest to Hastings was extracted 
and plotted as shown in Figure 9 for comparison. By 
comparing this to Figure 7, it can be seen that the 
forecast wind for the local point near to Hastings 
under predicts a higher proportion of high wind 
events than when considering the whole recreated 
WPLWF area. 

 
Figure 9: Forecast wind for ADFD grid nearest to Hastings 
against measured wind at Hastings anemometer for 
different forecast lead-times (2018-2020). This plot shows 
that the local ADFD point under predicts a larger 
proportion of the wind speed for all lead-times compared 
to the recreated WPLWF. 
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3.4 Forecast Wind Speed Comparison  
Due to the number of occasions where the 
recreated WPLWF under or over predicted 
measured wind speeds at the Hastings 
anemometer (Figure 7), further investigation was 
undertaken into a number of these occurrences. 
This was undertaken by looking in detail at the 
timeseries of hourly 90% forecast and measured 
Hastings anemometer values. 
 
3.4.1 Over Prediction  
Figure 10 shows the forecast hourly timeseries 
where the recreated WPLWF over predicted the 
measured wind speed at the Hastings anemometer. 
This storm event occurred on the 2nd June 2019, 
where a strong wind warning was issued for a south-
westerly storm forecasted for 20-30 kn. However, 
given the proximity of land to the south-west from 
the anemometer, land sheltering could be occurring. 

 
Figure 10: Timeseries of the 12 hour lead-time forecast 
wind for recreated WPLWF and measured Hastings wind 
speeds for a storm event on 2nd June 2019 where the 
forecast had over predicted the wind speed at Hastings. 

3.4.2 Under Prediction  
There are also times where the measured wind 
speed exceeds the recreated WPLWF wind speed, 
as shown in Figure 11 for a storm event on the 1st 
of November 2019, where the measured wind 
speed exceeded 30 kn, however the recreated 
WPLWF only forecast 20-25 kn. On this occasion, 
the measured wind speed also exceeded the 
published WPLWF wind speed of 20-25 kn. This 
brief wind speed spike under prediction shows the 
difficulty of forecasting wind speeds during storm 
events. 
 

 
Figure 11: Timeseries of the 12 hour lead-time forecast 
wind for recreated WPLWF and measured Hastings wind 
speeds for a storm event on 1st November 2019 where 
the measured wind speed at Hastings exceeded the 
forecast wind speed  

3.5 Forecast Gust Wind Speed Comparison  
Similar to the wind speeds, there are occasions 
where the recreated WPLWF under and over 
predicted the measured wind gust speeds at the 
Hastings anemometer as shown in Figure 12. 
 

 
Figure 12: Forecast gust wind for recreated WPLWF 
against measured gust wind speeds at Hastings 
anemometer for the 12-hour lead-time (2018-2020). From 
the plot it can be seen that the higher gust wind speeds 
are typically under predicted compared to the lower gust 
wind speeds which are typically over predicted. 

Figure 13 shows a storm event that occurred on 31st 
January 2020 where the published WPLWF was 
predicting 15-25 kn wind speeds and no mention of 
squalls. However, the Hastings anemometer 
recorded a peak gust of 63 kn which was 
significantly higher than the measured wind speed 
of 25 kn. Similar to the under prediction of wind 
speeds shown in Figure 11, this significant spike in 
the gust wind speed can be hard to forecast during 
storm events.  
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Figure 13: Timeseries of the 12 hour lead-time forecast 
gust for recreated Western Port Local Waters and 
measured Hastings gust wind speeds for a storm event 
on 31st January 2020 where the forecast had significantly 
under predicted the wind speed at Hastings 

From the above plot, it can be seen that the 
recreated WPLWF can significantly under predict 
recorded gust wind speeds at the Hastings 
anemometer compared to the wind speeds. 
 
4. Conclusion 
From the analysis, it was determined that the 
recreated WPLWF generally under predicts higher 
wind speeds when forecasting greater than 24-48 
hours out from the event. The published WPLWF 
also generally does not forecast wind speeds 
greater than 35-40 kn more than 48 hours out from 
an event which coincides with the wind warning 
windows. This needs to be taken into consideration 
when developing port operating procedures. 
  
The recreated WPLWF underpredicts a larger 
number of the stronger wind speed events at 
Hastings, compared to Rhyll and Cerberus. 
However, it is noted that the timeseries of data from 
the Hastings anemometer is relatively short 
(2 years) compared to the Cerberus and Rhyll AWS 
(6 years). Furthermore, it is unclear how the 
published WPLWF would perform during a severe 
wind event above 40 kn as no such event has 
occurred during the recording timeframe for the 
Hastings Anemometer.  
 
The recreated WPLWF also underpredicts a 
significant number of strong gust events at 
Hastings, most of which are not reported in the 
published WPLWF. These brief wind speed spike 
under predictions show the difficulty of forecasting 
wind speeds during storm events. 
 
Given the above points, consideration of the 
provision of site-specific forecasts, rather than the 
published WPLWF, could be considered to reduce 
the number of occasions where high wind speeds 
are forecast but do not occur, and unreported 
gusts/squalls exceeding 50 kn. Having greater 

confidence in the forecast will allow for smaller 
margins in the terminal wind speed limits. 
 
5. Further Works  
Listed below are the suggested further works: 
 
• Sharing both the historical and future measured 

data at Hastings with the BoM may allow the 
BoM to improve the reliability and accuracy of 
their forecast model, and 

• Consideration of how higher wind forecasts are 
acted upon, considering the large number of 
forecast events where those winds have not 
been recorded at specific sites 
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Abstract 
The Port Authority of New South Wales (PANSW), is investigating the practical aspects of replacing presently 
operating ADCP current meter/wave measurement instruments used for navigation guidance at Port Kembla 
(PK). The intention is to deploy a directional Waverider Buoy (WRB) located elsewhere, but nearby, so that it 
can provide reliable near-real-time navigation assistance to the Harbour Master, Pilots and ships’ masters at 
PK. 
 
The principal area of interest is the near-harbour approach and Go/No-Go area along the entrance leads in an 
area north of and south-west of Tom Thumb Island. The proposed WRB cannot be moored in the approach 
channel or aborted approach area, but must be able to provide a reliable estimate of wave conditions at several 
nominated, critical locations provided by PANSW along the port entrance leads; and other locations within the 
Go/No-Go area. 
 
Cardno has undertaken a wave modelling study in order to provide wave transfer coefficients from either of 
two proposed near-entrance WRB sites to a number of locations along the main leads required for the Dynamic 
Under Keel Clearance system operating at PK. 
 
Initially the SWAN wave model was used to transfer offshore wave data to the two inshore candidate, 
permanent WRBs, and also to the five navigation locations. Time-series of wave parameters at the two WRBs 
were transferred back offshore and then back inshore to the five navigation locations, thereby providing a 
second set of transferred data at each of the navigation locations for comparison. 
 
In this task both round-the-clock and record-by-record individual wave model transfer approaches were 
investigated; there being little difference in the transferred wave parameter outcomes identified. 
 
Keywords: real-time wave conditions, wave parameter transfer, port navigation assistance. 
 
1. Introduction 
The Port Authority of New South Wales (PANSW), 
has investigated the practical aspects of replacing 
one of their two presently operating ADCP current 
meter/wave measurement instruments (see 0), with 
one or two directional Waverider Buoys (WRB) 
located elsewhere, but nearby, so that it/they can 
provide reliable near-real-time navigation 
assistance to the Harbour Master, Pilots and ships’ 
masters at Port Kembla (PK) through their Dynamic 
Under Keel Clearance (DUKC)™ system. The 
principal area of interest is the near-harbour 
approach and Go/No-Go navigation area along the 
entrance leads in an area extending from north of to 
south-west of Tom Thumb Island. Following a 
decision to abort a harbour entrance manoeuvre, a 
ship turns to port heading SE and then back to sea. 
This manoeuvre is indicated on Figure 1 and 
Figure 2. The proposed WRB(s), WRB1 and WRB2, 
cannot be moored in the approach channel or 
aborted-approach area, but must be able to be used 
to provide a reliable estimate of wave conditions at 
the five nominated, critical locations (CA1-CA5) 
requested by PANSW along the port entrance 
leads; and other nominated locations within the 
Go/No-Go area. 

 

Figure 1   Port Kembla locality plan and locations of 
presently operating ADCP current meter/wave 
measurement instruments 

Cardno was engaged by PANSW to undertake a 
wave modelling study in order to provide wave 
transfer coefficients from both of the two proposed 
near-entrance WRB sites to a number of locations 
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along the main leads required for the Dynamic 
Under Keel Clearance (DUKC) system operating at 
Port Kembla. This report presents the outcomes of 
this wave modelling study; part of which was to 
provide advice about a preferred WRB location – 
WRB1 or WRB2; together with a graphical user 
inter-face – ‘GUI’, selectable to either one of the two 
WRB locations. 
 

 

Figure 2    Critical points along the port entrance leads 
and potential WRB locations 

 

2. Overview of available data 
A range of data items were required to set-up and 
operate the wave model applied to this 
investigation. They are described below. 
 
2.1 Bathymetry 
Bathymetric data was used to define the model 
seabed.  The bathymetric data was obtained from a 
number of sources: 

• Detailed local 50 cm accuracy hydrographic 
survey (2018) covering the whole Port Kembla 
Inner and Outer Harbour areas; 

• NSW Marine LiDAR Topo-Bathy (2018); and 

• AUS nautical charts. 
 
These data were combined to form a 
comprehensive Digital Elevation Model (DEM) of 
the study site and model area. All data was 
converted to a common datum of AHD. 
 
2.2 Tidal planes 
Highest Astronomical Tide is 1.13m AHD and LAT 
is -0.87m AHD at Port Kembla.  These levels were 
used to select the water level limits for wave 
propagation modelling. 
  

2.3 Water level data 
Predicted astronomical tides and recorded water 
levels from 1991 to 2020 at the Port Kembla tide 
gauge were provided by the Tidal Unit of the Bureau 
of Meteorology. When the recorded water level was 
not available the tidal water level was used instead 
for the wave modelling. 
 
2.4 Offshore wave data 
Offshore recorded wave data was required for initial 
model transfer system testing. Wave data has been 
recorded at the offshore Botany Bay WRB 
installation, (north-east of the study area), by the 
Port Authority of NSW, Sydney Ports Corporation 
(SPC), and their predecessor bodies, since 1971. 
The principal location is offshore in a depth of about 
80m using a Datawell WRB that transmits a signal 
onshore for processing and storage. These 
analyses provide data in terms of Hs and Tz, 
together with other parameters. Wave direction is a 
particularly important parameter for wave 
propagation type studies, and has only been 
recorded offshore of Botany Bay since March 2015. 
Other offshore wave data has been recorded by 
Manly Hydraulics Laboratory (MHL) at Port Kembla 
and Long Reef. The latter installation includes 
recorded wave direction from 1992 – wave direction 
has been recorded at the offshore Port Kembla 
WRB since 2012. Moreover, comparison between 
the analysed Port Kembla (by MHL) and Botany Bay 
(by SPC) wave data shows that the offshore wave 
climate is almost identical at both locations. For the 
purposes of this study all wave energy recorded at 
the SPC offshore Botany Bay WRB has been 
classified as swell, even though there will generally 
be some local sea present. In severe storms, where 
wave growth may still be occurring to the higher 
waves, those waves should physically be described 
as sea, but the distinction is not important to this 
investigation. For this study, wave height and period 
data recorded at the offshore Botany Bay WRB was 
used from 1971 to 2019 – provided by PANSW. 
Where offshore direction was available from the 
Long Reef site, that direction parameter (commonly 
peak spectral direction), was combined with the 
SPC/PANSW wave height and period data; until 
March 2015 when offshore wave direction became 
available at Botany Bay. Hence an almost 
continuous period of about 27 years of data (1992 
to 2019, but with some data gaps), was prepared 
and was used for estimation of offshore wave 
parameters in terms of Hs, Tz, Tp and Direction – 
described as the ‘Modified’ Botany Bay wave data. 
The annual distribution of the joint occurrence of 
significant wave height and wave direction is 
presented as a wave rose in Figure 3. Note that this 
wave data was used in a general analysis until 
PANSW provided project specific wave data for 
model system calibration. 
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Figure 3    Annual wave rose offshore of the study area 
based on the modified Botany Bay WRB data 

3. Numerical wave modelling  
3.1 SWAN wave model description 
The overall wave model Cardno applied in this study 
is based on the SWAN wave modelling system, 
which is incorporated as a module into the Delft3D 
modelling system. This model was developed at the 
Delft Technical University and includes wind input 
(local wind sea wave generation and wave growth), 
swell, combined wind sea and swell, offshore wave 
parameters, refraction, shoaling, non-linear wave-
wave interaction, a full directional spectral 
description of wave propagation, bed friction, white 
capping, currents and wave breaking depending 
upon depth, wave period and seabed slope. SWAN 
includes a nested grid capability that allows coarser 
grids in deeper water and finer grids in shallow 
water and the study area where better definition of 
seabed form and depth variation is needed. Output 
from the model includes significant wave height, 
mean and peak wave direction, spectral peak and 
mean periods and (optionally) the full directional 
wave spectra. 
 
3.2 SWAN wave model set-up 
The overall SWAN model system applied in this 
investigation comprises a 100m resolution outer 
regional grid. For this investigation, a fine 11m 
resolution grid was prepared around Port Kembla 
and was nested within an intermediate 33m 
resolution grid generated around the study area. 
The model grid system has been prepared with the 
main objective of providing good resolution near the 
Port Kembla Harbour and along the main leads, as 
well as in the candidate WRB locations. In 
summary, the SWAN model set-up consisted of a 
series of three nested rectilinear grids of increasing 
grid cell resolution. Cell sizes for each grid are as 
follow: 
 

• Grid A:  Grid cell size is 100m x 100m covering 
the Port Kembla coastline.  

• Grid B: Grid cell size are 33m x 33m covering 
Port Kembla regional waters. 

• Grid C: Covers the locality of the study area and 
Port Kembla Harbour and the grid cell size is 
11m x 11m. 

 
Figure 4 shows the inner two wave model grids and 
bathymetry, including the two candidate WRB 
locations, WRB1 and WRB2, and the five output 
main lead locations requested by PANSW for the 
port operations system.   
 

 

Figure 4    Close-up view of Port Kembla SWAN model 
grids and bathymetry zoomed to the study area 

 
4. Wave transfer (1992-2019)  
Wave conditions at the site are governed mainly by 
the swell waves generated in the Tasman Sea 
propagating into the study area; noting that only 
longer period waves affect ship movements. Hence, 
the wave modelling and calculation of wave transfer 
coefficients were undertaken assuming the offshore 
wave Hm0 described as swell waves only. Note also, 
that in severe storms, large waves may be 
physically sea because they are still ‘growing’, but 
are treated as swell in this investigation. 
 
4.1 Swell wave modelling methodology 
The propagation of swell waves towards Port 
Kembla was investigated by implementing the 
SWAN wave model to prepare wave transfer 
coefficients for a full suite of offshore wave heights, 
periods and directions, as well as water levels, 
namely: 
 

• 10 offshore significant wave heights (Hm0) 
values: 0.5, 1.0, 1.5, 2.5, 3.5, 4.5, 5.5, 7.0, 9.0 
and 11.0m – parametric Hm0;  
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• 9 offshore peak wave periods (Tp) values: 4.0, 
6.0, 8.0, 10.0, 12.0, 15.0, 18.0, 21.0, 24.0s;  

• 17 offshore wave directions: from ~NNE (20 

°TN) to S (180 °TN) at 10° intervals. 

• 3 different water levels: -1.1, 0.0 and +1.4m 
AHD selected based on recorded total water 
level at Port Kembla 

 
A range of offshore wave heights has been included 
because some non-linearity may occur – caused by 
bed friction and minor wave breaking. Also, a 
normal distribution description of directional 
spreading with a standard deviation of 15o was 
adopted, based on Cardno’s wave modelling 
experience. The results of this SWAN wave 
modelling were used to generate matrices of wave 
coefficients and wave parameters at the inshore 
locations. This provides a reliable basis for the 
transfer of offshore wave data to nominated output 
locations by applying interpolation procedures 
within these matrices to: 
 

• Initially transfer time-series wave data records 
from a virtual offshore WRB, (offshore Botany 
Bay data), to all inshore locations 

• Back transfer these computed inshore time-
series from the two candidate-inshore WRB 
locations to the virtual offshore WRB 

• Transfer these processed wave time-series 
data from the virtual offshore WRB (two 
versions, one for each candidate inshore WRB), 
inshore to the five main lead locations and two 
ADCP locations 

 
This process allowed an initial, pre-calibration check 
of the process metrics. Cardno also transferred 
some of the original offshore time-series of wave 
parameters (2016, a year of significant storm 
activity), directly to the five main lead locations 
using a SWAN model run for each time-step, that is, 
without using the transfer matrices. This process 
tested the skill of using the transfer matrix system 
versus a more intrinsically accurate modelling 
approach of applying the offshore wave data to the 
SWAN model at each time-step. The transfer matrix 
system is being used in the PANSW DUKC system. 
The agreement was good. It is worth noting that high 
resolution in offshore wave direction was required to 
describe/resolve the effect of the islands and 
surrounding reefs on wave propagation. 
 
It is also important to note that this investigative 
phase of the project included the process of 
transferring realistic deep-water offshore wave data 
as record-by-record time-series of Hs, Tp and wave 
direction to all inshore locations. This initial process 
was required so that the skill of a system that 
transfers wave data from an inshore WRB to other 
inshore locations, a double transfer process, could 
be compared with the skill of a system that 
transferred wave data to these same main-lead 

inshore locations from an offshore WRB. Also, part 
of the investigation included examining whether one 
inshore WRB location was preferable to the other on 
the basis of system skill.   
 
Cardno/PANSW nominated two candidate-inshore 
WRB locations and five model output locations 
along the main leads (provided by PANSW). In the 
first stage the SWAN model system was used to 
transfer the ‘actual’ offshore WRB data to the two 
candidate, inshore WRB locations and the five 
nominated main lead output points. In the next 
stage, the SWAN modelling system was used to 
transfer the calculated time-series of inshore wave 
parameters at the two nominated PANSW inshore 
WRB locations (one at a time), back offshore to the 
‘offshore’ WRB site, nominal only – in fact now only 
a virtual offshore WRB; a real one is not needed. 
Then these two (WRB1 and WRB2), inshore-to-
offshore back-transferred time-series data sets at 
the virtual offshore WRB were transferred inshore to 
each of the five main lead locations. These matrix-
based wave parameter transfer processes were 
undertaken using a MATLAB coded routine.   
 
Finally, the output from these processes provided 
sets of time-series of wave parameters at the five 
main lead locations in terms of significant wave 
height (Hm0), wave period (Tp and Tm01) and mean 
wave direction based on actual and virtual offshore 
WRB data; plus the one-year of time-series wave 
data transferred directly by individual SWAN model 
simulations. These were initial process testing 
tasks; calibration was undertaken after these 
process tests using simultaneous wave data 
recorded at WRB2 and two other temporary WRB 
deployment locations. 
 
5. Modelling results 
The results of the numerical wave modelling are 
presented in terms of maps of significant wave 
height, time-series plots, scatter plots and a range 
of error statistics (statistical parameters), based on 
both ‘actual’ and ‘virtual’ offshore wave data. To do 
this, the wave modelling results were extracted at 
the five nominated main lead output locations 
provided by PANSW. As stated earlier, the offshore 
wave data time-series (1992-2019) was transferred 
to the two candidate-inshore WRB and five CA 
locations. Then, those transferred time-series at 
WRB1 and WRB2 were transferred-back offshore to 
the offshore WRB site as a ‘virtual’ offshore WRB. 
Then finally, the time-series of wave parameters, 
one set from each of WRB1 and WRB2, both 
transferred to different ‘virtual’ offshore WRBs, were 
then been transferred to all of the CA sites.  Those 
time-series, two sets at each CA location, were then 
compared at each CA location with the wave 
parameters transferred to them from the so-called 
‘actual’ offshore WRB – the 1992-2019 data set. In 
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the next sections, the modelling results are 
presented in terms of two candidate WRB sites. 
5.1 Wave map 
Figure 5 presents a map of significant wave height 
during the peak of the June 2016 storm event 
propagating from about ENE offshore. This plot 
shows the significant effect of the offshore islands 
on wave propagation at Port Kembla. 
 

 
Figure 5    Map of significant wave height within the 
SWAN 33m resolution grid near the peak of the June 
2016 storm event 
 

5.2 Time-series plot 
An example of time-series plots at CA1 based on 
direct time-step by time-step wave modelling using 
both ‘actual’ offshore WRB data and ‘virtual’ 
offshore WRB data (transferred-back to offshore 
from WRB1 site using the matrix transfer method) is 
presented in Figure 6.  These results show that the 
matrix method is suitable. 
 

 

Figure 6   Time-series of wave parameters at CA1 based 
on time step by time step wave modelling and swell wave 
hindcast modelling using both ‘actual’ offshore WRB data 

and ‘virtual’ offshore WRB data transferred-back to 
offshore from WRB2 site 

5.3 Scatter plot 
An example of a significant wave height scatter plot 
at CA1 prepared using direct time-step by time-step 
wave modelling results and ‘virtual’ offshore WRB 
data (transferred-back to offshore from WRB1 site), 
using the matrix transfer method, is presented in 
Figure 7. Again, the agreement is good, especially 
for the more important higher wave height cases. 
 

 

Figure 7   Scatter plot at CA1 using the direct time-step by 
time-step wave modelling results against ‘virtual’ offshore 
WRB data (transferred back to offshore from WRB2 site) 
– matrix transfer method 

 
5.4 Error statistics 
Statistical analyses were undertaken in order to 
gain confidence that the proposed methodology for 
transferring the inshore wave parameters from 
either of the two WRB sites to a ‘virtual’ offshore 
WRB, and then transferring that ‘virtual’ offshore 
data to the CA sites, are describing the wave 
conditions at the CA1-5 sites well. 
To do this, the statistical parameters (error 
statistics) were calculated using the time-step by 
time-step wave modelling results and the swell 
wave hindcast modelling results (for 2016) based on 
the ‘actual’ and ‘virtual’ offshore WRB data - two 
sets of virtual offshore WRB data were considered 
(WRB1 and WRB2) – matrix transfer method. It is 
noted that in this analysis, the inshore wave 
parameters based on the direct time-step by time-
step wave modelling were treated as observations. 
Hence, the swell wave transfer matrix modelling 
results based on ‘actual’ offshore WRB data as well 
as the ‘virtual’ offshore WRB data were treated as 
model-based estimates – one set of ‘observations’ 
and two sets of transfer matrix results at each CA 
location. These statistical parameters were: 
 

• Bias/Mean Error (ME) 

• Mean Absolute Error (MAE) 

• Root Mean Square Error (RMSE) 
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• Standard Deviation of Residuals (STD) 

• Scatter Index (SI) 

• Correlation (R) 

• Coefficient of Determination (R2) 

• Coefficient of Efficiency / Nash-Sutcliffe 
Coefficient (E) 

• Index of Agreement / Model Skill (d) 
 
Two examples of error statistics based on 
’observations’ (based on the direct time-step by 
times-step wave modelling), and modelled (based 
on swell wave transfer matrix modelling using the 
virtual offshore WRB data), significant wave heights 
are provided in Table 1 and Table 2. Overall, based 
on the summary statistics the model results (using 
the ‘virtual’ offshore WRB data), show very good 
agreement with the modelling results based on the 
direct time-step by times-step wave modelling. For 
example, at location CA1, the bias values for 
significant wave height were calculated to be 4cm 
and 3cm based on the ‘virtual’ offshore WRB1 and 
WRB2, respectively, which is low and a very good 
match. However, looking at the density scatter plot 
in Figure 7 for CA1 (based on virtual WRB1), it is 
seen that the density of the data is much higher for 
significant wave heights between 0.6m and 1.2m. 
So, the summary statistics presented in Table 1 and 
Table 2 might not be a good representation of errors 
for higher swell waves – higher waves are much 
more important for the DUKC system. Therefore, to 
gain more confidence regarding the accuracy of the 
methodology adopted in this study, the error 
statistics for transferred significant wave height 
were calculated for a range of wave heights (using 
all data, or using transferred significant wave height 
higher than 0.5m, 1.0m, 1.5m, up to 5.5m). As an 
example, Figure 8 and Figure 9 describe the 
significant wave height error statistics in terms of 
bias (mean error) using ‘actual’ and ‘virtual’ offshore 
WRB data based on the WRB1 and WRB2 sites. 
The summary of error statistics for significant wave 
height, mean wave direction and peak wave period 
at all CA points are considered to be very good.  
There is no significant bias for over or under-
predicting inshore wave heights. 
 

Table 1   Error statistics for time-step by time-step 
modelling and wave transfer matrix modelling using the 
virtual offshore WRB1 significant wave height 

Statistical 
Parameter 

Lead Line Points 

CA1 CA2 CA3 CA4 CA5 

ME (m) 0.04 0.06 0.08 0.10 0.11 

MAE (m) 0.05 0.06 0.08 0.12 0.13 

RMSE (m) 0.08 0.11 0.15 0.20 0.22 

STD (m) 0.07 0.10 0.12 0.18 0.19 

SI (-) 0.081 0.104 0.102 0.128 0.132 

R (-) 0.990 0.984 0.983 0.971 0.969 

R2 (-) 0.981 0.969 0.967 0.943 0.938 

E (-) 0.975 0.957 0.953 0.921 0.914 

d (-) 0.994 0.989 0.988 0.981 0.979 

Table 2   Error statistics for time-step by time-step 
modelling and wave transfer matrix modelling using the 
virtual offshore WRB2 significant wave height 

Statistical 
Parameter 

Lead Line Points 

CA1 CA2 CA3 CA4 CA5 

ME (m) 0.03 0.04 0.05 0.05 0.05 

MAE (m) 0.04 0.05 0.06 0.06 0.06 

RMSE (m) 0.07 0.10 0.11 0.12 0.12 

STD (m) 0.07 0.09 0.10 0.11 0.11 

SI (-) 0.074 0.087 0.078 0.078 0.072 

R (-) 0.991 0.987 0.989 0.988 0.989 

R2 (-) 0.982 0.975 0.977 0.976 0.978 

E (-) 0.978 0.969 0.972 0.971 0.974 

d (-) 0.995 0.992 0.993 0.993 0.993 

 

 

Figure 8    Error statistics in terms of bias at CA locations 
for a range of significant wave heights (virtual offshore 
WRB data was transferred from the WRB1 site) 

 

 

Figure 9    Error statistics in terms of bias at CA locations 
for a range of significant wave heights (virtual offshore 
WRB data was transferred from the WRB2 site) 

 
6. Calibration 
Calibration of the model system was undertaken 
using a 6-months period (late-September 2020 to 
mid-February 2021), when measured data were 
available at WRB2 and PKDD2; WRB2 together 
with PKDD1 from mid-February to late March 2021, 
as shown on Figure 10. Measured data at the two 
(2) temporary WRB locations, namely PKDD2 and 
PKDD1, are compared with transferred data from 
the Outer Directional (PKDOU/WRB2) station as 
input to the wave parameter transfer system. 
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Comparison time series plots of measured and 
modelled significant wave height for stations 
PKDD2 and PKDD1 are shown in Figure 11 and 
Figure 12, respectively. 
 
Overall, wave height tends to be slightly over-
predicted by transferring recorded wave parameters 
from WRB2 to the calibration WRB locations, and, 
by implication, also to the five main lead locations, 
CA1 to CA5. 
 

 

Figure 10    Critical and measurement WRB points and 
ADCP locations near the Port Kembla entrance 

 

 
Figure 11    Time-series of significant wave height at 
PKDD2 (measured) versus modelled using virtual 
offshore WRB data transferred-back to offshore from 
WRB2 measurement site 

 
 
 
 
 
 
 
 

 
Figure 12    Time-series of significant wave height at 
PKKD1 (measured) versus modelled using virtual 
offshore WRB data transferred-back to offshore from 
WRB2 measurement site 

 
7. Summary  
The general outcome is that of the two candidate-
permanent inshore WRB sites, WRB2 (further 
offshore in about 34m depth), provides marginally 
better predictions at CA1 to CA5 – as might be 
expected because there is less seabed change 
effect there and less sheltering from the Tom 
Thumb Islands, than at WRB1 (depth about 19.5m). 
 
Note also that the real waves that propagate to 
either WRB1 or WRB2 do not come from the same 
offshore wave train. That is, each 20-minute record 
(about), of wave data is only a sample of the actual 
wave conditions with confidence limits of about 
±15%.  Furthermore, there is spatial variation and in 
a so-called train of waves in ‘deepish – intermediate 
water depths’ each ‘individual wave’ appears and 
disappears as the different frequency components 
travel at different phase speeds.  Hence, based on 
Cardno’s experience at Newcastle, two WRBs near 
the WRB1 location, but 100m apart, for example, 
and recording at exactly the same time, may have 
Hs values up to about 0.5m different.  Which is 
correct? Neither - they are both samples from an 
assumed stationary, spatially constant sea-state 
population. 
 
Therefore, the navigational operation system will 
need to take account of wave transfer bias and this 
‘un-evaluated’ statistical sample variation in 
measured data at WRB1 or WRB2; especially 
because it may lead to an under-estimation of wave 
conditions at CA1 to CA5.  Hence confidence limits 
need to be included in the wave transformation 
process.  For example, see Table 11 for ‘error’ data. 
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Abstract 
The Clybucca wetlands are located on the Macleay River floodplain on the New South Wales mid-north coast. 
Historically they comprised an extensive network of freshwater backswamps that were abundant with aquatic 
life. Large-scale drainage works completed during the 1960s and 1970s resulted in significant changes to the 
low-lying backswamp areas. An extensive network of deep drains and one-way floodgate infrastructure 
mitigated flood impacts and improved agricultural productivity but resulted in the oxidation of underlying acid 
sulfate soils and a loss of wetland biodiversity. Regular highly acidic discharge and low dissolved oxygen 
‘blackwater’ runoff significantly affects downstream waterways, resulting in impacts to aquatic ecology 
including fish kills and oyster mortality. 
 
Rehabilitation of low-lying acid sulfate soil affected coastal floodplains requires careful consideration of a range 
of processes and factors including; overall floodplain drainage, the sources, fate and transport of poor water 
quality in downstream waterways, adjacent floodplain land uses and tenure, remediation options, 
constructability and maintenance, and long-term land management. In recent years, the opportunity to 
rehabilitate some of the worst acid affected floodplain areas has presented itself. 
 
Extensive field investigations were completed to understand overall floodplain hydrology, drainage 
connectivity, and identify the sources of poor water quality. Detailed survey and monitoring data were collated 
to construct a ‘paddock scale’ hydrodynamic model to assess rehabilitation strategies. Using the model, a 
number of remediation options were assessed to determine the optimum rehabilitation strategy, including: 
freshwater options that resulted in wetland rehabilitation while maintaining current floodplain land uses, tidal 
options that would result in extensive development of coastal wetlands across the floodplain, and sea level 
rise options. Into the far-future, as sea level rise impacts reduce drainage across the floodplain, conversion to 
a connected tidal ecosystem, or natural large scale backswamp system, would have the greatest 
environmental benefit to the broader estuary. 
 
Keywords: Floodplain, wetland, habitat, rehabilitation, water quality, hydrodynamics. 
 
1. Introduction 
 
The Collombatti-Clybucca floodplain (hereafter the 
Clybucca floodplain) inclusive of the Clybucca 
wetlands, is located on the Macleay River estuary 
floodplain. The floodplain is located approximately 
15 kilometres from the ocean entrance at South 
West Rocks and has a contributing catchment area 
of approximately 26,000 hectares (Figure 1). Runoff 
from the catchment is channelled across the 
floodplain through a complex network of natural 
creeks and constructed drainage channels. 
Downstream water levels within this network are 
controlled by a tidal floodgate barrage structure 
located at Menarcobrinni that drains the upstream 
waters and prohibits tidal inundation from the river. 
 
Historically, the Clybucca wetlands were a large 
freshwater wetland complex that extended across 
the floodplain and were disconnected from the 
estuary. During the early 1960s, large drainage 
construction works were completed across the 
Macleay River estuary, including at Clybucca, for 
flood mitigation purposes (Figure 2). These on-
ground works modified the creek system and 
enhanced drainage. This resulted in improved 

connectively with downstream tidal waters and a 
tidal barrage was subsequently required at  
 

 

Figure 1: Location of the Clybucca study site including the 
Menarcobrinni floodgates which control the water level 
within the site and prevent tidal inundation. 
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Menarcobrinni to prevent tidal inundation. In 
addition to flood mitigation, this infrastructure 
enhanced the agricultural productivity of the low-
lying land for pasture grazing. 
 

 

Figure 2: (Source [1]) Changes to Anderson’s Inlet from 
1956 (top) to 1967 (bottom). These changes increased 
the conveyance to Clybucca meaning that floodgates 
were required to prevent tidal inundation of low-lying land. 

 
The extensive drainage network has had 
unintended environmental impacts, including the 
production of acidic by-products from the drainage 
of acid sulfate soils and exacerbation of low-oxygen 
‘blackwater’ runoff into the estuary which has been 
extensively documented in previous studies [2, 3, 4, 
5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,16]. As such, the 
Clybucca floodplain was identified as an acid sulfate 
soil hotspot priority area in NSW [17]. On-ground 
remediation efforts during the 1990s resulted in the 
construction of low elevation sills/weirs in the trunk 
drain network. These works were applied on an 
individual farm scale and aimed to raise 
groundwater levels and reduce acid export in local 
areas without impacting agricultural productivity. 
The remediation of large acid scalds was also 
undertaken. Despite these efforts, poor water 
quality, including low pH and low dissolved oxygen 
water, continues to discharge from the low-lying 
floodplain areas at Clybucca. Figure 3 shows a 
large acid scald, known as Yerbury’s Scald, which 
still exists adjacent to Seven Oaks Drain, a large 
trunk drain which lowers the groundwater table 
across the floodplain. 
 
During the Oxley Highway to Kempsey Pacific 
Highway upgrade project, Transport for NSW 
(TfNSW) purchased a large proportion of the 
Clybucca wetland complex as part of the 
biodiversity offset requirements of the project. This 
provided a unique opportunity whereby one entity 

owned the majority of the worst affected acid sulfate 
soil land across the Clybucca floodplain. Further 
voluntary acquisitions of low-lying land have 
occurred over the proceeding years to extend the 
area owned by TfNSW. This has led to the 
opportunity whereby large-scale remediation across 
the site has become feasible, as opposed to 
localised farm scale remediation as has previously 
occurred. For the first time remediation can target 
alteration of the floodplain hydrology on a 
catchment scale to mitigate the impacts of acid 
sulfate soil drainage and blackwater. 

 

 

Figure 3 Yerbury’s Scald in March 2018. A large acid 
scald with an elevation between -0.65 and -0.20 metres 
AHD located on the Clybucca floodplain. A large trunk 
drain (Seven Oaks Drain) runs along the northern side of 
the scald (to the right of the image). A low elevation weir 
can be seen across Seven Oaks Drain (bottom right of the 
image), constructed as part of remediation efforts in the 
1990s. 

 
The aim of this study was to develop, investigate 
and assess the feasibility of management options to 
improve water quality, increase the wetland habitat, 
and identify potential impacts on floodplain 
inundation, drainage and saltwater intrusion. To 
achieve this aim, a detailed methodology was 
developed including a site conceptualisation, 
extensive fieldwork and data collection, and the 
development of a validated hydrodynamic and 
advection dispersion numerical model, all of which 
were used to complete a thorough assessment of 
management options. 
 
2. Methodology 
 
A detailed methodology was developed to ensure 
that water quality and habitat creation objectives 
could be achieved while managing constraints such 
as those associated with inundation, drainage and 
saltwater intrusion. The methodology developed 
comprised the following stages: 
 

1. Site conceptualisation 
2. Fieldwork and data collection 
3. Numerical model development and 

validation 
4. Assessment of management options 
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Each of these stages provided valuable insight into 
the development and feasibility of management 
options. 
 
2.1 Site conceptualisation 
 
To develop management options, it was important 
that a conceptual understanding of the Clybucca 
floodplain was established. This initial process 
required a detailed analysis of existing empirical 
datasets. Examples of data analysed include: 
 

• Soil hydraulic conductivity 

• Acid sulfate soil profiles 

• Drainage 

• Five structure dimensions and inverts 

• Water quality 

• Digital elevation models 
 
In addition to assessment of these datasets, 
preliminary site investigations were completed. 
These investigations validated existing data sets 
and allowed for an appreciation of the site to be 
established. All this information was then used to 
build a detailed understanding of the hydrological 
conditions on-site. This in turn allowed for 
preliminary management options to be developed. 
 
2.2 Fieldwork and data collection 
 
Data collection is an important requirement for 
developing a numerical model. Having empirical 
data from which to develop and validate a numerical 
model ensures that the hydraulic conditions on-site 
are accurately represented during simulations. As 
such, considerable effort was spent to collect high 
quality data for use in developing and validating the 
numerical model and to further verify the conceptual 
understanding of the floodplain. This data included: 
 

• Digital elevation model validation surveys 
(>30,000 points) 

• Structure dimension and invert surveys (60) 

• Cross-sectional surveys of waterways (359) 

• Water level and quality monitoring (10 
locations) 

• Hydraulic conductivity measurements (1) 

• Acid sulfate soil profiles (5) 
 
Survey data was collected in 2018 and 2019. 
Accuracy of measurements was ±5cm (90th 
percentile). Data collection was targeted to 
characterise day-to-day drainage conditions. 
 
2.3 Numerical model development and 

validation 
 
To assess the feasibility of management options a 
numerical model was developed for the study site. 
The model enabled the assessment of changes to 
the floodplain during day-to-day conditions without 

any physical on-ground works being constructed. A 
coupled one-dimensional (1D) and two-dimensional 
(2D) numerical model was developed. The extent of 
the model domain was from the east of the Pacific 
Highway to the Menarcobrinni floodgates. Cross-
section surveys along with structure dimension and 
invert surveys collected during fieldwork were used 
to develop the 1D model. A digital elevation model 
(1m2 resolution) corrected using data collected 
during fieldwork was used to build a flexi-mesh 2D 
model. 
 
Model boundary conditions were determined from 
water level data collected downstream of the 
Menarcobrinni floodgates during fieldwork. An 
Australian Water Balance Model (AWBM) was 
created to determine catchment inflows from the 
upper catchment to the model domain [18]. Since 
there were no inflow data available for the 
catchment this was verified against flows across a 
broad crested weir calculated using water level data 
collected during fieldwork (Figure 3). While timing of 
the AWBM runoff was suitable for day-to-day 
scenarios, discrepancies in peak flows highlights 
the value of flow data for verifying catchment runoff. 
Other boundary conditions considered during 
numerical modelling included evaporation and 
rainfall within the model domain, groundwater 
inflows, and leaking from the floodgates. 
 

 

Figure 3 Verification of AWBM model simulations (red) 
and calculated flow across a broad crested weir (black). 
This was used to determine catchment inflows for the 
numerical model’s boundary conditions. Note, 
discrepancies highlight the importance of flow data to 
provide known uncertainty for catchment runoff. 

The numerical model was verified through 
comparison with water level measurement data to 
be suitable for simulating day-to-day drainage 
across the floodplain. Adjustments were made to 
the manning’s coefficient across the model domain 
to ensure the numerical model best simulated the 
measured hydraulic conditions (Figure 4).  
 
There was a lack of data concerning numerical 
dispersion coefficients that control the mixing of 
saltwater for the study site. To overcome this a 
range of dispersion coefficients were tested to 
provide uncertainty bounds and indicate the 
potential likely range of salinity. These values were 
based upon literature [19, 20], a sensitivity analysis 
incorporating drainage measurements collected 
during fieldwork, and previous experience modelling 
similar environments. These maximum and  
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Table 1 Management options developed and assessed for the Clybucca wetlands complex 

Management option Freshwater/tidal Description 

1 Land management only Freshwater 
Only land management actions such as fencing, weed control, 
native bush regeneration and acid scald remediation. No 
modifications to be made to the drainage network. 

2 
Shallow freshwater on 
low-lying wetland areas 

Freshwater 
Modification of weirs and levees to allow for freshwater 
inundation across low-lying wetland areas. 

3 

Shallow freshwater on 
low-lying wetland areas 
with extension of 
McAndrews Drain 

Freshwater 

The same as management option 2 with a new swale drain 
constructed to bypass the low-lying floodplain land during 
flood events and assist in transport of floodwaters from the 
floodplain. 

4a 
Modified floodgates to 
allow controlled in-drain 
tidal flushing 

Tidal in-drain only 
Modification of eight of the Menarcobrinni floodgates to allow 
tidal water into the drainage network up to an elevation 
of -0.4 m AHD. 

4b 
Modified floodgates to 
allow controlled overland 
tidal flushing 

Tidal 
Modification of eight of the Menarcobrinni floodgates to allow 
tidal water into the drainage network and onto the floodplain 
up to an elevation of 0.0 m AHD. 

5a 
Decentralise floodgates 
to multiple locations – 
overland inundation 

Tidal 
Decommission the Menarcobrinni floodgates after installing 
four smaller floodgate structures upstream to allow overland 
inundation within low-lying floodplain areas. 

5b 
Decentralise floodgates 
to multiple locations – in-
drain only 

Tidal 
Decommission the Menarcobrinni floodgates after installing 
two smaller floodgate structures upstream to allow in-drain 
only tidal flushing. 

6 Fully open floodgates Tidal 
Hinge the floodgate flaps at Menarcobrinni open to allow 
unrestricted tidal flow upstream. 

 

 

Figure 4 Verification of numerical model results (black 
dashed) against measured water levels (blue) collected 
during the data collection campaign. Model results were 
±0.1m of measured data and clearly followed the shape 
of water surface fluctuations across the model domain. 

minimum coefficients allowed bounds for possible 
salinity intrusion to be determined. 
 
2.4 Assessment of management options 
 
Once the numerical model was verified against data 
collected during the fieldwork, simulations were 
completed to assess the management options 
developed for the site. Six final management 
options were developed in consultation with project 
stakeholders. These ranged from land management 
options with minimal impacts on floodplain 
hydrology to options that would completely alter the 
floodplain hydrology such as fully opening the 
Menarcobrinni floodgates and allowing uncontrolled 
tidal flushing upstream. Management options are 
summarised in Table 1. 
 
For each management option, where applicable, 
numerical simulations were completed. The 
numerical model results were then used to assess 
the feasibility of each option regarding the project 
objectives, that is, improving water quality and 
wetland habitat while considering inundation, 
drainage and saltwater intrusion. 

 
The final management options chosen were 
designed to provide a range of options in terms of 
upfront and ongoing capital cost, impacts to the 
floodplain hydrology and impacts from saltwater 
intrusion. This was designed so that implementation 
of management options would be scalable allowing 
for some management options to be implemented 
in shorter time frames than others or with less 
capital allocation. Note for management option 1, 
changes in roughness across the floodplain may 
occur, however, the effect of this is likely to be 
negligible on floodplain hydrology. Subsequently, 
no numerical modelling has been completed for this 
management option. 
 
3. Results 
 
Assessment of management options determined 
that for remediation at the Clybucca wetlands 
complex a staged approach would be the most 
effective. In the immediate future, management 
option 1 could be implemented to achieve 
immediate environmental benefits. 
 
In the short-term (future one to 10 years) 
management option 2 was considered the most 
feasible. Moving into the long term (more than 10 
years into the future) management options 4b and 6 
were determined to provide the highest benefit. 
Results of the numerical modelling for these three 
scenarios is shown in Figure 5. 
 
Effectiveness of the management options at 
improving water quality and habitat differ for 
freshwater and tidal options. Freshwater options 
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Figure 5 Numerical model results showing the average water depth across the floodplain for management option 2 (top), 
management option 4b (middle), and management option 6 (bottom). Note, management options 4b and 6 involve 
inundation of the floodplain with tidal water while management option 2 only involves freshwater inundation. 

TfNSW property 

TfNSW property 

TfNSW property 

(2) 

(4b) 

(6) 
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seek to restore the natural floodplain hydrology 
preventing the export of poor quality water and 
encouraging wetland habitat. Tidal options are able 
to provide different benefits through neutralisation of 
acidic water in addition to increased wetland habitat 
creation, albeit estuarine habitat. Note, further 
consideration will be required for changes from the 
existing freshwater ecology to estuarine ecology. 
 
3.1 Management option 2: Shallow freshwater 

on low-lying wetland areas 
 
Overall, the optimised design for management 
option 2 successfully promotes an increase in 
inundation depth, extent, and frequency on wetland 
management areas (Figure 5 top). Modelling 
indicated that there would be a minor increase in 
drainage times (i.e. hours) for nuisance (day-to-day) 
flooding. Changes to inundation depth, extent and 
frequency would only occur within the low-lying 
floodplain at shallow depths (1 cm to 10 cm). 
 
Note, management option 3 was found to provide 
similar results to management option 2. Since there 
would be considerable capital expenditure required 
to implement management option 3 it was 
determined not to be feasible. 
 
3.2 Management option 4b: Modified 

floodgates to allow controlled overland 
tidal flushing 

 
Model results for management option 4b showed 
that overland tidal inundation would occur across 
the low-lying floodplain with the extent and depth of 
inundation dependent on the magnitude of tidal 
flushing (Figure 5 middle). Inundation depth, extent 
and frequency modelling indicated that there would 
be a significant increase in water depth (up to 0.3 m) 
and duration that will occur due to modification of 
the floodgates to allow tidal inundation to a level of 
0.0 m AHD. Inundation would occur across the 
floodplain with tidal water that could have salinities 
of up to 80% of that which would occur at the 
Menarcobrinni floodgates. In-drain model results 
showed that saline water would extend 
approximately 1km up the trunk drainage network. 
 
Note, management option 4a provided similar 
results to 4b without any floodplain inundation. 
Option 4a could be considered as a preliminary 
stage for the implementation of option 4b. 
 
3.3 Management option 6: Fully open 

floodgates 
 
Model results indicated that hinging open the 
Menarcobrinni floodgates would result in significant 
tidal inundation across the floodplain (Figure 5 
bottom). Inundation would be permanent on the 
eastern sections of floodplain and range in depth 
from 0.10 m to above 0.50 m. Inundation would also 

occur up to 0.30 m across various other sections of 
floodplain. Salinity on the floodplain would reach a 
maximum of between 60% and 100% of that which 
would occur at the Menarcobrinni floodgates. 
 
The model results highlighted that in terms of 
floodplain management there would need to be 
careful consideration of impacts to existing land 
uses before the Menarcobrinni floodgates could be 
opened. Opening the floodgates would allow tidal 
water onto the floodplain which would have negative 
effects on the production value of agricultural land 
which, in turn, would need to be weighed against 
potential environmental benefits. Land use changes 
across large areas of floodplain would need to occur 
for management option 6 to be feasible. 
Nevertheless, the assessment found that 
management option 6 would have the greatest 
environmental benefit to the broader estuary 
particularly when the floodplain becomes further 
stressed due to the impacts of sea level rise. 
 
4. Sea level rise assessment 
 
In the future, climate change will pose a significant 
risk to estuaries [21]. It is within estuaries that 
impacts of climate change from the ocean (e.g. sea 
level rise) and upstream catchments (e.g. extreme 
rainfall events) will meet and have the most severe 
effect [21]. Quantifying the changes of these 
impacts on the estuary is multi-faceted and 
extremely complex. 
 
As part of this study, sea level rise has been 
determined as a key climate driver that will alter 
hydrological and environmental conditions across 
the Clybucca floodplain into the future. Numerical 
modelling was completed to assess how the 
increase in downstream water levels due to sea 
level rise would affect floodplain drainage. Results 
showed that present day floodplain hydrology and 
drainage is predominantly controlled by the 
estuarine tidal levels, with the low tide elevation 
determining drainage potential. Future sea level 
rise, and future low tide elevations, will reduce 
drainage significantly altering the floodplain 
hydrology and the corresponding environmental 
values and agricultural practices. 
 
It is important that the future management of the 
Clybucca floodplain considers management 
approaches which are adaptable with regards to 
sea level rise and the uncertainty surrounding the 
future climate. This will ensure that the floodplain 
can continue to positively contribute to the health of 
the broader Macleay River estuary. In designing the 
management options and remediation strategies, a 
flexible approach was taken. This approach was 
adopted so that as the climate changes, adaptive 
management of the floodplain can ensure wetland 
habitats persist, resulting in the safekeeping of the 
health of the estuary into the future. 
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The recommended management options have been 
outlined in a way that would allow for their 
implementation considering the current and future 
nature of the floodplain. Immediate and short-term 
options (1 and 2) can be implemented with limited 
impacts on existing floodplain land uses. Option 4 
could be implemented in two stages. Stage 4a could 
be implemented simultaneously with option 2. As 
the characteristics of the floodplain begin to change 
and shift in the future, option 4b could be 
implemented. Option 6 considered the far-future 
nature of the floodplain. Modelling indicated that 
under sea level rise there would be reduced 
drainage, particularly for the low-lying floodplain. In 
this scenario when current land uses no longer 
become feasible the largest benefit to the floodplain 
in terms of environmental values could be achieved 
through fully opening the Menarcobrinni floodgates 
and creating an estuarine wetland ecosystem. 
 
5. Summary 
 
For many years, water quality within the Macleay 
River estuary has been significantly impacted by 
runoff from degraded backswamps including the 
Clybucca floodplain. Historically, remediation of the 
floodplain has been conducted on a farm scale, 
however, for the first time, catchment wide 
remediation of the Clybucca floodplain has been 
made possible due to acquisition of the majority of 
the worst acid sulfate soil affected low-lying land by 
one landowner. 
 
This study has shown through detailed numerical 
modelling based on extensive datasets, that there 
are several management options which consider 
existing and future floodplain conditions and allow 
for remediation of the Clybucca wetland complex. 
Considering inundation, drainage and saltwater 
intrusion across the floodplain, these options 
provide pathway forward for large scale remediation 
of the Clybucca wetlands to improve water quality 
and create wetland habitat. 
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Abstract 
Built in 1986, the Gold Coast Sand Bypass System (SBS) plays an integral part in keeping the entrance to the 
Gold Coast Seaway safe and navigable. The system pumps at least 500,000 cubic metres of sand every year 
to ensure the Seaway entrance remains clear. 
 
The SBS facility has several components that require periodic maintenance to ensure effective plant operation 
and prevention of large repairs. The ten jet pumps require frequent maintenance to avoid interruption to the 
operation of the SBS. To undertake this maintenance the jet pumps are lifted out of the water by a mobile 
crane operating from the jetty deck. 
 
In October 2015, Arup was commissioned by the Gold Coast Waterways Authority (GCWA) to investigate the 
existing lift operations and alternative crane availability. Arup suggested a range of possible options to improve 
crane stability and satisfy GCWA target lift requirements. Based on a multi criteria analysis, a Deck Upgrade 
was selected as the preferred option. 
 
The Deck Upgrade Project involved replacing the existing ribbed concrete planks with a new in-situ concrete 
deck. The new, wider deck enabled the mobile cranes to extend their outriggers further out thereby increasing 
lifting capacity. The new deck was designed to act compositely with the supporting steel girders. This 
composite action is required to increase the capacity of the existing southern girder due to the localised 
widening to the south and significant outrigger load during the extraction of the jet pump. 
 
The project also included a new access walkway compliant with the Disability Discrimination Act (DDA) and 
partial replacement of the existing carbon steel guide rails with new stainless steel rails welded to the existing 
carbon steel piles. 
 
The construction was completed successfully in December 2020. 
 

Keywords: jetty structure, upgrade, sand bypass system, sediment transport. 
 
1. Sand Bypass System 
1.1 Background  
The Gold Coast Seaway boasts the world’s first 
permanent sand bypassing system and stands as 
one of the country’s most significant engineering 
feats from the 1980s.  
 
The Southport Bar was incredibly dangerous until 
1986 when the Gold Coast Seaway was opened. 
Predominant south-easterly winds, the substantial 
northern drift of sand and the wave climate 
combined to move an estimated 500,000 cubic 
metres of sand along the south-east Queensland 
coast each year. Over time the Nerang River mouth 
moved northward by up to 60 metres each year, 
causing land erosion and changing sandbanks at 
the bar and adjoining Broadwater. The sand bypass 
system was provided for in the design of the Gold 
Coast Seaway as it was recognised that the 
breakwaters would not be effective for long without 
a solution to the littoral drift problem. The high-
capacity fixed sand bypassing system is an integral 
part of the design of the seaway. Unless 
intercepted, the sand would build up behind the 
southern wall and form a new bar, defeating the 
purpose of the Gold Coast Seaway. It would be hard 

to imagine our Waterways City without the Sand 
Bypass System and Seaway. Certainly, the Gold 
Coast’s tourism, recreational boating and fishing 
and marine industries wouldn’t be where they are 
today without it. 
 
The Sand Bypass System works using 10 jet pumps 
each suspended 30 metres apart along the length 
of the jetty to pump sand under the Seaway across 
to South Stradbroke Island bypassing the seaway. 
The constructed system has a nominal capacity of 
approximately 500 m3/hr. In practice, the pumping 
system is computer controlled and pumps 250-
400 cubic metres of sand each hour. 
 
The system can be operated with a variable number 
of jet pumps to optimise performance. Computer 
control and monitoring ensures maximum economy 
and efficiency of the operation. The Sand Bypass 
System is mainly operated at night to take 
advantage of off-peak power periods minimising 
electricity bills. 
 
1.2 Existing Jetty 
The existing sand bypass system jetty is a piled 
structure with steel piles, steel headstocks and a 
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concrete deck as shown in Figure 1. The jetty is 
490 m long and the ten jet pumps are located at 
30 m spacing from chainage 220 m to 490 m at the 
seaward end.  
 

 
Figure 1: Existing Sand Bypass System Jetty is a 490 m 
long steel piled structure with concrete deck. The majority 
of the headstocks are supported by two piles with the 
northern pile being 1:4 raking pile and southern pile being 
a vertical pile. 

The existing concrete deck consisted of precast 
concrete planks that are supported by 610UB113 
steel girders on each 10 m span as shown in Figure 
2. The 4.7 m wide precast deck planks provide 
roadway and the deck cantilevers to the north to 
provide a 1.2 m wide pedestrian walkway. The 
pipework for the SBS is located on the southern side 
of the jetty. 
 

 
Figure 2: Typical cross section of the deck showing the 
precast concrete planks, steel girders, steel headstocks 
and steel piles. The existing kerb delineates the roadway 
that is located above the existing steel girders and the 
cantilevering pedestrian walkway. 

 
1.3 Jet Pumps 
The jet pumps extract sand from under the jetty, 
creating cone-shaped hollows in the seabed that 
are then re-filled naturally by wave action as shown 
in Figure 3.  

 
Figure 3: Typical cross section of the jetty showing jet 
pump (shown in blue) located on the southern vertical 
pile. The cone shaped hollow in the sand that is created 
by the jet pump extracting sand can also be seen. 

For the purpose of this paper, ‘jet pumps’ refer to 
the pipework and components below deck level. 
The jet pumps have no mechanical or electrical 
mechanism or moving parts. They are operated by 
pumping clean water at low pressure from the 
Broadwater to the control building where the water 
pressure is boosted and delivered at high pressure 
to the jet pumps on the jetty. The high pressure 
water is then ‘jetted’ through a nozzle, into a ‘mixer’, 
creating a suction force vacuum (venturi effect) that 
draws sand slurry from around the pump as shown 
in Figure 4. The sand slurry is then pumped 
underneath the Gold Coast seaway and discharged 
on South Stradbroke Island. 
 

 
Figure 4: Jet pump when removed for servicing showing 
the key components at the base of the jet pump. High 
pressure water is jetted from nozzle to create suction 
force (venturi effect) in mixer to extract sand from under 
the jetty. 

Each jet pump is 17 m long. The design of the jet 
pumps was revised in 1995 including the stainless 
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steel pipe-work, polyurethane coatings, ceramic 
components and procedural innovations that have 
reduced service intervals, increased reliability and 
improved both efficiency and unit costs. 
 
The southern pile is vertical and incorporates two 
Equal Angle members that act as guide brackets for 
the jet pumps as shown in Figure 5 

 
Figure 5: Plan view showing jet pump pipework in blue, 
pile in orange and equal angle jet pump guide brackets in 
green. The equal angle brackets are welded to the pile. 
The jet pump has brackets that slide along the equal 
angle brackets when the jet pump is removed for 
servicing. 

 
2. Jet Pump Maintenance 
2.1 General 
The 10 jet pumps require periodic maintenance 
service to keep them working in good condition. 
Some parts need to be replaced or repaired due to 
wear caused by sand friction and due to eventual 
damage caused by unexpected objects going 
through the pipes such as debris and driftwood. 
Another reason for periodic maintenance of the jet 
pumps is anti-fouling; repairs to protective coating 
and repair to damaged slides. 
 
Typically, GCWA inspects and services each of the 
jet pumps when any one of the following occurs: 
• 300 hours of operating; 
• Pressure gauge indicates greater than 100 kPa 

in pressure and 110 L/S drop in flow; 
• When back flushing and unblocking of nozzle 

and mixer fails to clear jet pump. 
 
It is also noted that the jet pumps closer towards the 
shore have higher running hours and are therefore 
serviced more often 
 
The jet pumps have a nominal weight of 3 t. 
However as this is regularly exceeded due to 
marine growth, the target lift load for the project was 
6 t.  
 
Sand naturally builds up around the jet pumps and 
so to assist with the extraction of the jet pumps a 
“hole” around the jet pump is created by running the 
jet pump in the days immediately before the lift to 
reduce the sand on top of the pumps as previously 
shown in Figure 3. It is not possible to completely 
remove all of the sand around the jet pump using 
this method and therefore back flushing of the jet 

pump is also often performed to liquify the sand. 
Nevertheless, in order to release the suction and lift 
the jet pump lifting forces have been known to 
approach 16 t. For this reason, 16 t was specified 
as the target extraction load for the project noting 
that this is well in excess of the actual jet pump 
weight of 3 to 6 t (depending on amount of marine 
growth). 
 
2.2 Jet Pump Procedure 
Servicing of a Jet Pump involves using a mobile 
crane with telescopic boom on the jetty deck to lift 
the Jet Pump out of the guides. The typical 
procedure for servicing of a Jet Pump involves: 
1. Setting up of mobile crane  
2. Lifting of the Jet Pump 
3. Servicing of the Jet Pump 
4. Re-installation of Jet Pump. 
 
2.2.1 Setting up of Mobile Crane 
The first step of servicing a jet pump involves driving 
a mobile crane out on the jetty. The mobile crane 
typically sets up and lowers its outriggers on the 
span immediately seaward of the jet pump to be 
serviced.  

 
Figure 6: Mobile crane setup on the concrete jetty 
lifting the jet pump out of the equal angle guides on 
the southern vertical pile. The telescopic boom has 
been extended to lift the 17 m long jet pumps clear 
of the guides and on to the deck. 
 
2.2.2 Lifting jet pump 
Before the jet pump can be extracted, the pipe work 
from the top of the jet pump is removed and a lifting 
bracket is connected. 
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Figure 7: This photos shows the jet pump immediately 
before lifting with the pipe work to the jet pump removed 
and a lifting bracket attached. The pipework is still 
attached the two outside pipes to enable back flushing to 
be performed to assist with the jet pump extraction. 

 
To extract the jet pumps, the mobile cranes are set 
up with telescopic boom retracted with a length of 
between 9.5 m to 15 m (depending on the crane) to 
increase the lifting capacity. The load on the crane 
quickly reduces to the self-weight of the jet pump 
after it has been lifted clear of the sand. The 
telescopic boom on the crane is reconfigured with a 
boom length of between 20 to 26 m (depending on 
the crane) to enable the crane to lift the 17 m long 
jet pumps out of the guides on the piles. After the jet 
pump has been completely lifted clear of the guides, 
the crane is slewed towards land and the jet pump 
is lowered to the concrete deck for servicing. 
 
2.2.3 Servicing of the Jet Pump 
A typical service of a jet pump involves: 
• Inspecting the pipework and jet pump for 

damage, wear and corrosion. 
• Inspecting jet pump nozzle; fluidizing nozzles; 

mixer first and second stages for excessive 
wear and corrosion. 

• Protective coating system 
• If required, replacement of polyurethane 

coatings and ceramic components discussed in 
Section 1.1. 

 

If a major service is required to the jet pump, a 
Franna crane is used to lower the jet pump 
horizontally on to the deck. The jet pump is then spilt 
into two components to reduce the length and 
weight of the jet pump and the Franna crane is then 
used to remove the jet pump from the jetty. 
 

 
Figure 8: Typical crane position showing boom angle to 
extraction the jet pump and then slewing towards land for 
jet pump serving. Lift radius for extraction is 
approximately 5.5 m. However, the radius needs to be 
increased to 7 m as well as extending the boom length to 
greater than 20 m to allow for the jet pump to clear the 
crane when slewing around. 

 
2.2.4 Re-installation of jet pump 
The jet pump is then re-installed essentially in 
reverse of the removal process. The mobile crane is 
used to lift the jet pump and lower it down the guides 
on the pile. The lifting bracket is then removed from 
the jet pump and the pipe work is connected to the 
top of the jet pump. 
 
3. Deck Upgrade Design 
3.1 Existing Lifting Constraints 
In 2016, Arup and GCWA identified issues with 
limited crane lifting capacities and limited crane 
availability that was resulting in operational 
restrictions for the extraction and lifting of the jet 
pumps. 
 
The capacity of the existing steel girders and 
concrete deck planks results in the following load 
restrictions when the crane is travelling along the 
jetty: 
• maximum axle load of 14.5 t 
• GVM (Gross Vehicle Mass) of 30 to 36 t 

(including counterweights) depending on wheel 
spacing. 

 
The precast concrete planks have a ‘ribbed’ profile 
as shown in Figure 10. The ribbed profile means 
that the concrete deck has limited capacity for wheel 
and crane outrigger point loads meaning that the 

976



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Gold Coast Sand Bypass System Jetty Deck Upgrade Project 
Andrew Turnbull-Miller and Jose Grao 
 
wheels and crane outrigger point loads must be 
located almost directly above the two steel girders 
as shown in Figure 10. 

 
Figure 9: Indicative markup of previous crane operating 
restrictions. The crane outriggers must be operated in 
stab set position with spacing approximately equal to 
spacing of the existing girders. 

 
These two key restrictions resulted in a very limited 
number of Gold Coast based cranes that were able 
operate on the jetty creating issues with cranes 
being available at short notice. Furthermore, the 
limitations of allowable outrigger locations result in 
a maximum crane lifting capacity of 8-10 t 
(depending on the crane) for lifting of the jet pumps. 
This is well short of the GCWA’s target lift capacity 
of 16 t resulting in issues when a large amount of 
sand had built up around the jet pump. 
 

 
Figure 10: Ribbed profile of the existing precast concrete 
planks. The concrete planks have 250 mm deep 
reinforcing ribs, however majority of the planks are only 
120 mm thick resulting in limited capacity for large crane 
wheel and outrigger point loads. 

3.2 Options Analysis and Preferred Design 
In October 2015 GCWA commissioned Arup to 
investigate existing lift operations and alternative 
crane availability / configurations into the future. 
This review determined that the cranes outriggers 
needed to be extended out to achieve the improve 
crane stability and satisfy GCWA target lift 
requirements. 
 

Arup developed a range of possible options to 
enable the crane outriggers to be extended which 
included various modifications to pipework and a 
deck upgrade. Based on a multi criteria analysis, a 
deck upgrade was selected as the preferred option 
to enable a larger range of cranes with increased 
lifting capacity to be used for jet pump lifts. The 
scope of the deck upgrade was revised slightly 
during the detailed design process with the final 
design involving replacing the existing precast 
concrete planks with new in-situ concrete deck. An 
additional steel girder was also added on the 
northern edge to reduce the deck cantilever. The 
concrete deck was only replaced on the spans 
adjacent to the jet pumps that are used by the 
mobile cranes to extract the jet pumps. The 
concrete deck was also locally widened 400mm to 
the south and 200mm to the north resulting in a deck 
width of 5.3m to enable the crane outriggers to be 
extended. 
 
The deck upgrade project also involved re-use of 
the existing balustrade (with slight modifications), 
re-use of the top mounted kerbs (in relocated 
positions), re-use of the existing gates (with slight 
modifications), and modifications to the existing 
access platforms and existing services supports. 
 

 
Figure 11: Typical cross section of deck upgrade showing 
widened and thickened concrete deck and new steel 
girder. The new girder was located as far north as 
possible without also needing to modify the existing steel 
headstock. Shear studs were added to the steel girders to 
utilise composite action between the steel girders and 
concrete deck 

 
3.3 Assessment of Existing Structure 
The proposed deck upgrade design increased the 
loading on the existing jetty due to increased dead 
loads and increased crane outrigger loads. The 
increased dead load was primarily due to changing 
the concrete deck from ribbed profile (with a typical 
thickness of 120 mm) to a uniform thickness of 
250 mm. 
 
The member capacity of all the primary structural 
members was checked including the existing piles, 
existing headstocks, existing and new girders. 
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The capacity of the existing southern girders was 
found to be over utilized due to the localized 
widening of the concrete deck and significant 
outrigger load during the extraction of the jet pump. 
Various solutions were investigated including 
adding additional girders, strengthening (by welding 
additional plates), however the preferred solution 
involved installing shear studs on the girder to utilize 
composition action with the in-situ concrete deck. 
This solution was an efficient way to increase the 
capacity of the existing steel girder with no 
strengthening works required to the existing girder.  
 
An additional girder was installed to reduce the 
cantilever on the northern edge. This also allowed 
the overall depth of the replacement deck to be 
250 mm to match the overall depth of the existing 
ribbed concrete planks resulting in no change in 
level between the existing and new concrete decks. 
 
3.4 Geotechnical Capacity 
A geotechnical assessment was performed to 
assess the additional loading experienced by the 
jetty piles. The initial geotechnical assessment was 
based on the available geotechnical data, which 
included existing boreholes approximately 230 m 
north of the jetty. This assessment determined that 
the axial geotechnical stability of the existing piles 
was insufficient for the Ultimate Limit State (ULS) 
axial design load based on the available 
information. 
 
Additional ground investigation was performed to 
better inform geotechnical assessment of the jetty. 
A new borehole was taken from the jetty for both in-
situ and laboratory testing enabling the geotechnical 
reduction factor to be increased. The axial capacity 
of the jetty piles was then reassessed using the 
information from the proposed borehole and 
laboratory testing. 
 
There was also uncertainty regarding the level of 
sandinside the pile due to anecdotal evidence that 
water jetting and airlifting was performed during the 
pile installation. Airlifting involves removing sand 
from inside the pile. As this reduces internal shaft 
friction there was concern regarding reduced 
capacity of the piles. In light of this, GCWA 
measured the level on the soil inside the pile by 
dipping a weighted line through a small hole at the 
top of the pile. This showed that the level of the sand 
inside the piles was higher than expected allowing 
for an increase in the calculated geotechnical 
capacity. 
 
These two investigations allowed for re-assessment 
of the axial geotechnical stability which determined 
that the geotechnical capacity of the existing piles 
was sufficient for the increased loading. 
 

3.5 Other Upgrade Works 
The deck upgrade project involved localized 
modifications to: 
• Balustrade, 
• Access Platforms, 
• Gates, 
• Pipework, and 
• Services supports. 
 
Wherever possible, the existing furniture was re-
used. For example, the balustrade on the northern 
edge was re-used on the new concrete deck 
however the ends did need to be modified slightly 
due to the localized deck widening. 
 
The closure of the jetty also presented the 
opportunity for additional works to be completed on 
the jetty which included: 
• New DDA compliant access walkway  
• Replacement of corroded carbon steel guide 

rails with stainless steel guide rails. 
 
The new Concept Design for the DDA compliant 
access walkways was completed initially by Arup 
and the detailed design was completed by Alder 
Constructions / Composite Engineering. The 
Composite ramp walkway was designed in 
accordance with AS1428.1-2019 (Design for access 
and mobility). The Walkway consists of 4 angled 
ramps at 14.2:1 slope, 7.9 m each with horizontal 
landings at 1.2 m long each and top landing 
designed with appropriate clearance to meet 
AS1428.1-2009. The ramp was designed to a 
loading of 5 kPa. The grating surface was to be 
gritted, tested to P5 slip resistance rating. Internal 
handrail was installed at 1000 mm height, with 
appropriate clearance. The materials were 
designed and manufactured in accordance with the 
EuroComp Design Code for composites “Structural 
Design of Polymer Composites – EUROCOMP 
Design Code and Hand Book”. 
 
4. Construction Challenges 
Working on an existing jetty located in the surf zone 
created a few key construction challenges including: 
• Construction access, 
• Concrete placement and, 
• Operation and servicing of the SBS system 

throughout the construction works. 
 
Working from the water was not practical with the 
jetty located in a very active surf zone and the use 
of jack up barges was cost prohibitive for the project. 
This meant that all work needed to be performed 
from the existing deck obviously resulting in access 
issues as the primary construction task was 
replacement of the existing deck. 
 
The Contractor chose to have multiple work fronts 
which enabled work to be completed on multiple 
spans at any one time. An aluminium access 
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walkway was provided to enable pedestrian access 
over an open span as shown in Figure 12. Detailed 
planning by the Contractor was required as access 
for vehicles or cranes was not possible after the 
existing deck planks had been removed. 
 

 
Figure 12: Existing decking has been removed and 
installation of the scaffolding and concrete formwork is 
underway. The aluminium walkway can be seen on the 
right which was used to maintain pedestrian access 
seaward of this work front. 

Scaffolding was installed underneath the jetty deck 
to provide access for the deck replacement works 
as shown in Figure 13. The level of the existing jetty 
meant that scaffolding was relatively close to the 
water level requiring the Contractor to monitor the 
wave forecasts and remove the scaffolding decking 
when large swells were predicted. 
 

 
Figure 13: This photo shows the temporary scaffolding 
that was suspended from the steel girders to provide 
access for the deck replacement works. This photo also 
shows the three separate work fronts and that cranes 
were only able to be used on the most shoreward work 
front. (Photo by Alders Construction) 

As the replacement deck was cast in-situ, the 
scaffolding was also used to support the formwork 
for the in-situ concrete. Unfortunately, the 
scaffolding did not have enough capacity to support 
the weight of the concrete on the large northern 

cantilever. The formwork was then hung from a 
temporary beam as can be seen in Figure 14. 
 

 
Figure 14: Reinforcement placed and ready for pouring of 
concrete. The temporary steel beam can be seen on the 
left to support wet weight of the concrete on the northern 
cantilever during curing of the concrete. 

The environmental conditions created a particular 
challenge for the placement of concrete for the 
Contractor. The construction programme 
unfortunately meant that most of the concrete pours 
were performed in the middle of summer and the 
site was very exposed to wind. This created 
difficulties with minimizing the evaporation rate 
during concrete placement and resulted in concrete 
pours scheduled very early in the morning with 
particular attention to forecasted wind speeds. 
 
The SBS system remained operational throughout 
the construction works. This meant that Contractor 
needed to work closely with GCWA to ensure that 
access could always be provided for emergency 
maintenance. The Sand Bypass System pipework 
on the southern side of the jetty also needed to 
remain operational throughout the works meaning 
that the Contractor needed to work around this 
pipework. The duration of the constructions works 
meant that servicing of the jet pumps needed to be 
performed during the construction program. GCWA 
and the Contractor worked closely together on the 
programming of the works to enable the jet pumps 
to be serviced at suitable intervals while having  
 
5. Conclusion 
 
The $3.35 million AUD deck upgrade project was 
completed successfully by the Contractor in 
December 2020. The deck upgrade project has 
allowed GCWA to increase the lifting capacity of the 
cranes operating on the jetty to continue to maintain 
and operate this critical asset. 
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Abstract 
The Peru LNG terminal is an LNG export facility on the Peruvian coast. The marine terminal is comprised of 
an LNG loading jetty protected by a detached breakwater with arrival and departure channels on either side of 
the breakwater. The LNG carriers are exposed to beam swells causing them to roll prior to entering the lee 
zone behind the breakwater on arrival and after exiting protected waters on departure. The minimum underkeel 
clearance (UKC) for arriving and departing vessels occur in the roll zone.  
 
An extensive dataset of Portable Pilot Unit (PPU) data with over 400 channel transits was analysed to better 
understand the roll behaviour of vessels in the channel. The PPU and wave buoy data were used for model 
calibration. It was found that the roll period of conventional membrane LNG carrier with a capacity of 137,000 
m3 to 173,400 m3 is 13-14 s in ballast and 15-17 s laden, which is within the range of swell periods experienced 
at the site.  
 
A UKC forecast system was developed and integrates the calculation of vessel roll with prediction of all other 
UKC components. The UKC forecast is implemented together with the terminal’s moored ship forecast system 
to provide an integrated 16-day metocean, mooring and UKC forecast system that is used to schedule vessel 
visits to the terminal allowing safe arrival transit, berthing, mooring, LNG loading and departure. 
 
Keywords: ship motion, navigation channels, waves, forecasting. 
 
1. Introduction 
Peru LNG is an LNG export terminal located approx. 
150 km southeast of Lima. The terminal has a dual 
shipping channel and a detached breakwater, 
shown in Figure 1, to protect the berth against the 
dominant southwest swells. Ships enter the terminal 
through the north channel, berth port side alongside 
and depart through the south channel.  
 

 
Figure 1   Peru LNG terminal (source: Google Earth) 

 
The tidal range is less than 1 m, so there is no need 
for tidal window restrictions for sailing. However, 
inbound and outbound vessels are exposed to 
beam swells before entering or after exiting the lee 
zone behind the breakwater, causing the vessels to 
roll. We have developed a channel underkeel 
clearance (UKC) forecast systems for the terminal 

that can be used to schedule vessel arrivals and 
departures. This system is used together with a 
moored ship forecast system to plan vessel visits to 
the terminal. The moored ship forecast system 
predicts vessel motions and mooring line forces that 
are compared with thresholds to provide windows 
for safe mooring and loading of LNG. 
 
The UKC forecast system is described in Section 2, 
including the background of the calculation methods 
for all UKC components and the system interface. 
The prominent UKC component is the wave 
response due to rolling in swells. Careful attention 
was paid in the set-up of the UKC system for this 
based on comparison and calibration to 
measurements during channel transits at the 
terminal, which is outlined in Sections 3 and 4.  
 
2. UKC Forecast System Set-up  
The UKC forecast system is set up for the north 
(inbound) and south (outbound) channels, and 
provides forecasts for eight classes of LNG carriers 
that are representative of the vessel fleet that calls 
at the terminal, with a capacity ranging from 
137,000 m3 to 173,400 m3. In addition to the regular 
ballast arrival and laden departure conditions, 
forecasts are also available for 50% and 75% 
loading conditions to provide the possibility for a 
vessel to leave the terminal early prior to a large 
swell event and return later to finish loading. The 
inclusion of the four loading conditions enables the 
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correct stability parameters to be used in the 
calculations. In addition, the draft is a manual input 
in the system to allow for small differences in 
loading and ballasting conditions. 
 
Two types of UKC calculations are conducted in the 
system based on a deterministic and probabilistic 
approach in accordance with PIANC (2014) [1] 
guidelines. The deterministic approach considers 
fixed values for all parameters and uses a Net UKC 
to capture uncertainties and variability, while the 
probabilistic approach is based on random variables 
with an estimated probability distribution function 
and a specific probability of bottom touching. The 
probabilistic approach has been applied in the ports 
of Rotterdam [2] and Antwerp [3]. The probability of 
bottom touching per transit is chosen such that the 
overall probability is 1:350 years, which is 
recommended in PIANC (2014) [1] for high-risk 
operations and sandy bed level conditions.   
 
The north and south channels are divided into 
several segments. The UKC calculations are 
conducted for each segment separately and the 
segment with minimum UKC taken as the governing 
segment for display of the UKC. The highest bed 
level in each segment is considered as the bed level 
for the bottom clearance check: 
 
 𝑤𝑤𝑤𝑤 − 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 −𝑊𝑊𝑊𝑊 − ℎ𝑒𝑒𝑒𝑒𝑤𝑤 − 𝑏𝑏𝑒𝑒𝑑𝑑 𝑤𝑤𝑒𝑒𝑙𝑙𝑒𝑒𝑤𝑤 >
                                              𝑁𝑁𝑒𝑒𝑑𝑑 𝑈𝑈𝑈𝑈𝑈𝑈 (1) 
 
where wl is the water level and WR the wave 
response allowance. The bed level that is exceeded 
25% is considered as the manoeuvrability bed level 
that is used for the manoeuvrability margin check 
(which is usually not governing here) and as the 
reference bed level for the squat and wave 
response computations. 
 
The bed levels in the system are based on the latest 
bathymetric survey data, a 0.1 m survey tolerance 
and a sedimentation allowance. Bathymetric 
surveys are conducted before and after annual 
maintenance dredging and additional surveys to 
monitor sedimentation throughout the year. The 
UKC forecast system is automated to process 
hydrographic and calculate navigation depths for 
the UKC forecast and render graphical images of 
the survey data. The harbour master is able upload 
the latest survey data in the system and set 
additional sedimentation allowance based on an 
estimate of channel sedimentation between 
subsequent surveys. The system updates the bed 
level and manoeuvrability margin bed levels in each 
channel segment after a new upload of bathymetric 
survey data. The system has secondary security 
authorisation to ensure that only the harbour master 
provides the approval for updates to the declared 
depths in the forecast system. 

The channel width in each segment considered for 
the bottom clearance and manoeuvrability bed 
levels is based on a swept path of historic transits. 
This is indicated as the navigation zone in Figure 2 
for the north channel. A similar zone is defined for 
departures through the south channel. 
 

 
Figure 2   Inbound navigation zone (hatched) and historic 
swept path data (coloured) 

 
The forecast system is run on a web server. The 
results can be accessed using a secure connection. 
Periods are highlighted as shown in Figure 3 based 
on a traffic light approach with: 
• Green – sufficient UKC, for deterministic UKC > 

Net UKC threshold and probabilistic UKC > 0 
• Orange – limited UKC, for deterministic UKC ≤ 

Net UKC threshold and probabilistic UKC > 0 
• Red – Insufficient UKC, for deterministic UKC ≤ 

Net UKC threshold and probabilistic UKC ≤ 0 
 
This enables the terminal operator to view and 
monitor available windows for scheduled channel 
transits.  
 
The metocean conditions are based on: 
• Forecasted water levels based on tide 

predictions 
• High-resolution wind modelling for the site with 

input of the latest CFSR global wind forecast 
data 

• WaveWatch-III (WW3) global wave modelling 
with higher resolution nested grids to cover the 
wave propagation and refraction to the terminal 

 
The latest wind and wave forecasts are used, which 
are updated every 12 hours based on the latest 
available CFSR data. The forecast period is 16 days 
and is calculated on demand for the selected type 
of transit (inbound or outbound), vessel class, 
loading condition and draft. The short-term forecast 
can be corrected based on measurements of water 
levels at the port tide gauge and waves at the wave 
buoy in the north channel.  
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Figure 3   Sample UKC forecast display 

The most important UKC component at Peru LNG 
is the wave response due to persistent swells from 
the South Pacific. The wave response is calculated 
from the full 2D frequency-direction wave spectrum 
from WW3 and precomputed response amplitude 
operators (RAO) specific for the vessel, loading 
condition, draft and water depth. The RAO’s for the 
full range of wave frequencies and directions were 
determined using Wavescat, which is a panel 
method based on the free-surface Green function 
with modifications to allow for forward speed effects. 
An example of a hull panel mesh is shown in Figure 
4. Roll damping was calibrated in the model based 
on a comparison to measurements of roll during 
channel transits in the port as discussed in Sections 
3 and 4.  
 

 
Figure 4   Hull mesh of a double-skeg 173,400 m3 LNG 
carrier 

 
Squat is similarly added based on results of 
modelling using the same panel method as used for 
the RAO’s. Further details on the method and 
verification based on full-scale measurements for 
container ships are included in Van der Molen et al. 
(2019) [4]. Squat is small in the zones just outside 
the breakwater where the largest roll motions occur. 
 
Heeling is also less important in the Peru LNG 
navigation channels but is nevertheless added in 
the system. Both heeling in wind and due to turning 
are added based on calculations outlined in PIANC 
(2014) [1]. 

3. Roll Motion Measurements 
The pilots at Peru LNG use Portable Pilot Units 
(PPU) mostly with the purpose to assist with the 
berthing and unberthing manoeuvres. However, the 
PPU data are also very useful for analysis of vessel 
response in the channel. The PPU system consists 
of two units, one placed on the bridge and one near 
the bow, with an internal GNSS (dGPS) receiver 
and gyroscope. The collected data include vessel 
position, heading, speed, rate of turn and roll. Since 
the PPU units are used on every transit, a large 
dataset covering 404 channel transits was available 
for the study.  
 
Maximum roll occurs in a confined area just outside 
the lee zone of the break water as shown in Figure 
5. This is the stretch just after the vessel makes the 
turn into the terminal on arrival and during turning of 
the vessel on departure, where the vessel is close 
to beam-on to the prevailing southwest swells 
(perpendicular to the breakwater), and is the area 
that is critical in terms of UKC in the channel. 
 

 
Figure 5   Location of maximum roll motion for all transits 
with roll greater than 1° 
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The rolling is increased in this zone since the wave 
forces in roll are greater beam-on. Moreover, the 
vessel speed contributes to move the wave 
encounter frequency away from the natural roll 
frequency, but this effect is minimal when the waves 
are almost beam-on. 
 
4. Vessel Motion Verification 
Twenty arrival and twenty departure transits were 
selected from the PPU data for calibration and 
verification of the roll motions in the UKC forecast 
system. For this purpose, the model was set up as 
close as possible to the conditions of each event, 
including reported draft, recorded vessel speed and 
heading at the time of maximum roll, surveyed bed 
level in the area where maximum roll occurred, 
predicted tide level and wave spectrum measured 
during the transit (20-minute burst). 
 
The calibration included definition of the transverse 
radius of gyration (kxx), metacentric height (GM) and 
viscous roll damping. The metacentric height was 
available from trim and stability reports but may be 
slightly different due to different, loading, bunkering 
and ballasting conditions. The moment of inertia in 
roll  
 
 𝐼𝐼𝑥𝑥𝑥𝑥 = 𝑘𝑘𝑥𝑥𝑥𝑥Δ  (2) 
 
with ∆ the displacement, is affected in LNG carriers 
by the level at which the fluid in the tanks rotates.  
 
The radius of gyration was estimated from the 
vessels’ weight distribution information in the trim 
and stability reports at 0.31B for laden and 0.37B for 
ballasted conditions, with B the width of the vessel. 
The metacentric height was calibrated at 4-5 m for 
laden and 8-9 m for ballasted conditions for the 
various membrane LNG carrier classes. This 
achieves natural roll periods of 15-17 s for laden and 
13-14 s for ballasted conditions. These periods are 
close to the peak swell periods experienced at the 
site.  
 
Roll damping is included in the model as the sum of 
wave radiation and viscous damping. The wave 
radiation damping is included from the result of the 
panel model results based on potential flow. 
Viscous damping, b44,v, is added from: 
 
 𝑏𝑏44,𝑣𝑣 = 𝑏𝑏44,𝑣𝑣

∗ 𝐵𝐵 Δ�𝑔𝑔𝑔𝑔 (3) 
 
where g the acceleration of gravity and L the vessel 
length between perpendiculars. The non-
dimensional parameter b*44,v was calibrated at 
0.0054. 
 
Comparison plots of measured against calculated 
roll are provided in Figure 6. Since the modelling is 
based on frequency-domain calculations assuming 
a linear response to the waves, fixed factors may be 

defined between significant and maximum 
amplitude. The significant amplitude as is the 
average of the 1/3 largest movements and is equal 
to 2σ, with σ the standard deviation of the roll 
motion. Based on the PPU data, it was assessed 
that the average maximum roll motion during the 
transit should be close to a10%, i.e. an average over 
the 1/10th largest movements in a group of 
approximately ten waves that pass during the time 
that the vessel sails through the zone where 
maximum roll motions occur. A standard ratio 
between a10% and as is 1.26. A larger ratio is 
adopted in the forecast system to account for 
variability of the incident waves but this ratio is used 
here as the best estimate for comparison to the 
measurements. 
 

 

 
Figure 6   Comparison of measured against calculated 
maximum roll amplitude (top) and measured against 
mean calculated roll period (bottom) 
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A comparison of measured roll period and 
calculated mean roll period is also given in Figure 6. 
The measured period depends on the wave period 
in the wave group that passed during the transit of 
the vessel, while only an average or most probable 
period can be obtained from the modelling results. 
Nevertheless, this could be used to calibrate the 
metacentric height and related natural roll period for 
each vessel class, ballast and laden. 
 
The calculated roll response corresponds well to the 
measured maximum roll motions for the entire 
range of roll motions. There is relatively more 
scatter in the departure results, both in terms of 
period and amplitude. This indicates that vessel 
stability parameters may vary slightly between 
different vessels in each class. Moreover, several of 
the wave spectra for departures were multi-peaked. 
Therefore, the response amplitude and period 
depend on the wave group that passed during the 
transit, which is unknown. 
 
5. Conclusions 
Inbound and outbound LNG carriers experience 
rolling in the access channel of the Peru LNG 
terminal in the zone just outside the lee of the 
breakwater where the vessel is almost beam-on to 
the incoming swells. This zone is usually governing 
in terms of UKC during the transit. The rolling is 
increased in this zone since the wave forces in roll 
are greater beam-on. Moreover, the vessel speed 
contributes to move the wave encounter frequency 
away from the natural roll frequency, but this effect 
is minimal when the waves are almost beam-on. 
Natural roll periods were found to be 13-14 s for 
ballasted and 15-17 s for laden membrane LNG 
carriers in the range of 137,000 m3 to 173,400 m3 

capacity. This is close to the prevailing peak swell 
periods at the site. 
 
The UKC forecast system accurately predicts the 
rolling of the LNG carriers in waves and integrates 
this with the prediction of all other UKC components 
to enable scheduling of vessel transits in the 
channel while minimising the risk of bottom 
touching.  The UKC forecast is fully integrated with 
a forecast of at berth ship motions and mooring line 
loads from a Moored Ship Response (MSR) as 
described in van der Molen et al (2020) to ensure 
that berth availability and channel UKC are both 
considered in the scheduling of vessel movements 
at the port.  The UKC and MSR forecast system 
have a common ship and environment forecast 
database and also use same suite of physics-based 
models to calculate forces on the LNG carriers and 
subsequent motions.  
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Abstract 
Waves are the main driver for longshore sediment transport (LST) on the coast. Under a changing wave 
climate, the LST is expected to change which may lead to unexpected changes in the sediment budget. This 
may be more visible around obstacles to LST such as creeks and headlands. However, the extent of these 
changes is still uncertain, particularly at a local scale. Therefore, the aim of this paper is to estimate potential 
changes in LST induced by wave climate change and analyse the implications for coastal management. To do 
so, a process-based model (Delft3D) has been calibrated for Australia’s Gold Coast, using in-situ data (waves, 
shoreline and morphology). Then, an ensemble of three Global Climate Models (GCMs) was used to compare 
the LST during the historical period (1980-2005) and at the end of the 21st century (2080-2099) under a high 
emission scenario (Representative Concentration Pathway 8.5 – RCP 8.5). The results indicate an overall 
reduction of the LST into the future which has implications for sediment input into coastal compartments via 
headland bypassing and creek infilling rates. Moreover, the results demonstrated that the average and extreme 
values of wave climate change may not be sufficient to describe the modelled sediment transport changes, 
rather, the complete time series provide a clearer picture of what to expect. The results of this paper will assist 
the City of Gold Coast (the City) in preparing for the changes and making informed coastal management 
decisions. 
 
Keywords: sediment transport, headland bypassing, climate change, wave climate. 
 
1. Introduction 
The impact of climate change on global wave 
climate has gained increased attention in the 
literature (e.g. [9, 24, 4, 16]). Recent studies 
indicate significant wave height and mean period 
may change 5-15% and mean wave direction 
between 5 and 10º under a high-emission scenario 
across approximately 50% of the global ocean [16]. 
The impact of these changes on irregular coastlines 
[22] such as the Gold Coast, Australia, is uncertain. 
For such coastlines, changes in sediment transport 
rates may lead to changes in the local sediment 
budget, with consequent beach erosion (or 
accretion). This is particularly important around 
obstacles such as groynes, training walls and 
headlands [23] as climate change may lead to 
changes in bypassing rates and their form [14].  
 
While coastal processes are localized and require 
local studies, the availability of global scale wave 
projections provides insights into potential changes 
in offshore wave conditions that can then be used 
as boundary condition for local studies. To date, 
studies that analyse potential local implications of 
changing wave climate on (Longshore Sediment 
Transport (LST) are still scarce (e.g. [5, 7, 17]) and 
have shown that the predicted changes vary around 
the globe. 
 
In this sense, coastal protection strategies would 
have to be adapted in response to changes in 

coastal processes. Therefore, a better 
understanding of future changes in processes such 
as the LST is paramount to inform these next steps 
for coastal management.  
 
Therefore, the aim of this paper is to investigate the 
potential impacts of projected future wave climate 
change on sediment transport rates along the Gold 
Coast and their implications to headland bypassing, 
infilling of creeks and consequent coastal 
management. 
 
1.1 Study Area 
Burleigh Headland is a short headland located in the 
central part of the Gold Coast, Australia, with Palm 
Beach to the South and Burleigh Beach to the north 
(Figure 1). Tallebudgera Creek is located 
immediately south of the headland and the southern 
margin of the creek has been trained since the 
1970’s to help stabilise Palm Beach. Between 1994 
and 2020 the annual dredging volumes ranged 
between 16,000 m3 (2004) and 92,000 m3 (1999). 
An average of around 40,000 m3 (σ 18,400 m3) of 
sand has been dredged from the entrance and 
deposited to the north, at Burleigh Beach, from 
where it continues its migration downdrift.  
 
The coastline is exposed to moderate to high wave 
energy with high variability related to five prominent 
weather patterns [1]. The alongshore variability in 
wave height on the Gold Coast is affected by the 
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curvature of the coastline and incoming wave 
direction with the extreme wave heights differing on 
average by 18% between the north and south ends 
of the coast [22]. 
 
The Gold Coast has experienced erosion events 
since the early 1900’s which led to long-term 
monitoring of the beach profiles from the dune to the 
depth of closure [20]. This monitoring is carried out 
at lines perpendicular to the shoreline spaced 400 
m apart that are known as ETA lines (Figure 1). 
Moreover, a series of coastal interventions were put 
in place based on the evolving knowledge of the 
area to protect the coastline [12]. These measures 
include two artificial sand bypassing plants that 
ensure the LST is artificially maintained around two 
inlets, one located 12 km updrift of Burleigh, the 
Tweed Sand Bypassing (TSB – [1]) and another 
located 18km downdrift (Gold Coast Seaway – [18]). 
 

 
Figure 1: A) Study area location. Grey polygons indicate 
the model grids, black rectangle is the extent presented in 
B. B) Detail of refined grid, bathymetry and survey (ETA) 
lines. White line indicates where the headland bypassing 
was calculated. 

2. Methods 
To achieve the aims of this paper, a process-based 
model (Delft3D, [14]) was used to simulate the 
sediment transport for the historical period (1979-
2005) and compare it to the sediment transport 
model forced with the wave climate projections at 
the end of the 21st century (2080-2099).  
 
2.1 Model Grids and Bathymetry 
Three nested wave model grids have been 
developed for this study, a coarse resolution grid 
with 104 x 166 elements (grid cell size of 2 x 2 km), 
an intermediate grid with 221 x 25 elements (700 x 
500 m) and a fine resolution grid with 169 x 46 
elements and a grid cell size of around 20 x 15 m 
around the headland and coarser elsewhere. The 
largest grids provide a relatively coarse bathymetry 
for propagation of waves from deep water and the 
smallest grid resolves shallow water features in 
progressively more detail. The flow grid is similar to 
the wave grid with an extended area inland to allow 
for tidal exchange with Tallebudgera Creek. The 
creek discharge was set to an average input of 1.36 
m3/s as recorded by the Queensland Government 
Water Monitoring Information Portal [25].  
 
The topo-bathymetric data used for modelling was 
collected by the City of Gold Coast (herein referred 
to as ‘the City’) and Griffith University and 
completed with data from NSW Marine LiDAR 
Topo-Bathy 2018 and Project 3DGBR [2]. 
 
2.2 Wave data and schematisation 
This study uses wave climate data from models 
forced with the Coupled Model Intercomparison 
Project (CMIP5) provided by CSIRO [9]. CSIRO 
data is available for distinct GCMs and this paper 
selected three of these GCMs to produce an 
ensemble mean and estimate the potential changes 
in LST into the future. To do so the seven best 
performing models [10] were simulated and 
compared to a benchmark – a model run forced with 
the Climate Forecast System Reanalysis (CFSR) 
dataset that accompanies the projections by 
CSIRO.  The wave climate projections, and the 
benchmark hindcast, are available on a coarse 
resolution 1 degree grid and data from a single 
location (see Figure 1) will be used as boundary 
condition (i.e. uniform boundary) for the models to 
allow for wave schematization. 
  
Three scenarios were selected to compose an 
ensemble. The scenarios were chosen to ensure 
that the ensemble results for the historical period 
compared well with the benchmark dataset (see 
section 3.2 for more details) and were composed 
by: 1) the model that best performs against the 
historical; 2) a model that overpredicts the historical 
LST and 3) a model that underpredicts the historical 
LST. This ensured that a wide range of LST 
possibilities are included in the analysis. 
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In order to simulate multiple years as well as 
multiple models, this paper used the wave input 
reduction technique presented by [3] which has 
been successfully applied to the study area by [6]. 
The technique is used to select representative 
cases to be simulated and the sediment transport 
for each case is multiplied by a factor that is based 
on the frequency of the wave conditions each case 
represents. 
 
The models were then forced with data from the 
historical period as well as the wave climate 
projections for the end of 21st century under the 
RCP 8.5. Then, the changes in sediment transport 
into the future were assessed for the scenarios as 
well as the ensemble by calculating the LST along 
the ETA lines (see Figure 1).  
 
2.3 Model Validation 
The model calibration was based on [21] which 
describes the details of a model that is focused on 
the north end of the Gold Coast where. Then, a 
number of simulations were carried out to validate 
the model, including using wave input data from 
different locations, different bathymetric surveys 
and varying model parameters. To validate the 
model, the historical records of the benchmark 
model (a model forced with - CFSR) were simulated 
and the infilling rates of Tallebudgera creek were 
compared to the historical record as presented by 
[11] and provided by the City. As the model uses a 
schematised wave climate, its goal is to reproduce 
the average wave climate and, therefore, the 
average transport rates.  
 
2.4 Headland bypassing and creek infilling 
The natural headland bypassing into Burleigh 
Beach was calculated as the total sediment 
transport through a cross-section of the model on 
the north (downdrift) of the headland (see white line 
in Figure 1). Changes to the sediment input are 
relevant for the stability downdrift of the beach into 
the future. 
 
Part of the sand transported along the coast is 
deposited in Tallebudgera Creek. The sand is 
dredged annually and used to nourish Burleigh 
beach as a coastal protection strategy. The 
differences between the historical and projected 
infilling rates were calculated to support 
management planning to estimate the potential 
changes into the future. 
 
3. Results 
The results presented here are divided into: 1) the 
model validation, 2) the overall projections of 
longshore sediment transport along the coastline, 3) 
natural headland bypassing and 4) creek infilling 
rates. 
 

3.1 Model Validation 
The mean total LST is presented in Figure 2 for the 
historical period. It can be observed that the 
longshore transport generally bypasses Burleigh 
headland with part of the sand transported towards 
Tallebudgera creek. This sediment transport input is 
responsible for infilling the creek which results in the 
need for annual dredging campaigns. 
 
The historical model provided an infilling rate of 
35,000 m 3 per year, which is very close to the long-
term average of 40,000 m3 and within the standard 
deviation of the record. Therefore, the model 
demonstrates that it can reproduce the sediment 
transport patterns in the area. 
 

 
Figure 2: Simulated LST around Burleigh Headland.  

3.2 Longshore sediment transport 
projections 

A summary of the sediment transport calculations 
along the transects in the model for the historical 
and projected periods is presented in Figure 3. The 
historical data shows the model forced with CFSR 
(benchmark) followed by the ensemble mean and 
the individual models that form the ensemble. It 
shows that while there is variability between 
models, the ensemble mean is very close to the 
benchmark model. MRI-CGCM3 is the individual 
model that presents the closest results to the 
benchmark. The second part of Figure 3 shows the 
ensemble results followed by each individual model 
for the end of the 21st century. While the model 
results still indicate a similar pattern with MRI-
CGCM3 being closer to the ensemble, BCC-CSM 
1.1 and MIROC 5 indicate lower and higher 
transport rates, respectively. It is also noted that the 
model results for the projections are closer to each 
other than for the historical data. 
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By comparing the projections to the historical results 
along the study area, the changes in sediment 
transport can be further explored. Figure 4 presents 
the sediment transport changes as percentages for 
each of the models as well as for the ensemble 
mean between ETA 36 and ETA 43 – see Figure 1 
for locations. 
 

 
Figure 3: Summary of the projected LST along the study 
area for the different GCM-forced models. Blue: historical; 
black: projection. 

 
The ensemble mean presented in Figure 4 indicates 
that an overall reduction in LST rate is expected into 
the future. However, not all the models agree. On 
one end, BCC-CSM 1.1, indicates an overall 
increase in LST with higher values – approximately 
80% to the north of Burleigh Heads, on the other 
end, MIROC5 indicates a reduction in LST while 
MRI-CGCM3 shows the lowest changes. 
 
3.3 Natural headland bypassing 
Changes in the natural headland bypassing 
projections were estimated from the input of sand to 
a transect located on the downdrift side of the 
headland (Figure 1). The estimated input of sand via 
headland bypassing to Burleigh Beach is presented 
in Table 1. The ensemble is calculated as a 
percentage of change between the mean of the 
transport results for the projection and the historical 
simulations of BCC-CSM 1.1, MIROC5 and MRI-
CGCM3. 
 
Table 1  Projected changes in natural sediment input to 
Burleigh Beach via natural headland bypassing for 
various models and the model ensemble. 

GCM Natural Bypassing change (%) 
BCC-CSM 1.1   6.5 % 
MIROC5 -24.5% 
MRI-CGCM3 -2.0% 
Ensemble -10.4% 

 
Figure 4: Projections of LST changes along the Gold 
Coast in percentage (%). 

3.4 Tallebudgera creek infilling 
Similarly, the creek infilling rate was calculated by 
comparing the models forced with the historical 
dataset to the models forced with projections. 
Table 2 presents the potential changes at the end of 
the 21st century in percentage. 
Table 2  Projected changes in Tallebudgera Creek 
infilling. 

GCM Creek infilling change (%) 
BCC-CSM 1.1   - 23 % 
MIROC5 + 14 % 
MRI-CGCM3 - 16 % 
Ensemble - 12 % 

 
4. Discussion 
According to the results presented in Figure 3 MRI-
CGCM3 is the model that is closest to the 
benchmark, meaning that it can reproduce well the 
historical period.  
 
BCC-CSM 1.1 is the model that produced the lowest 
transport rates for the historical period while 
MIROC5 produced the largest LST. The lowest 
transport rates are related to the offshore wave 
conditions, for instance, BCC-CSM 1.1 has a 
significantly higher occurrence of waves from the 
east (45%) compared to the other models (with 27 
and 32% for MIROC and MRI-CGCM3, 
respectively) for the region which tends to reduce 
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longshore sediment transport and hence increase 
the importance of cross-shore transport. The 
relative importance of cross-shore versus longshore 
transport has been previously discussed by [17].  
 
MIROC5, on the other hand, produced the highest 
transport rates, that are mainly related to an 
increased frequency of waves from the south (35%) 
compared to the other models (19 and 32% for 
BCC-CSM 1.1 and MRI-CGCM3, respectively). The 
offshore wave conditions of the MRI-CGCM3 
scenario are closest to the historical dataset, 
therefore, the sediment transport results are also 
closest. 
 
The ensemble mean (Figure 4) indicates an overall 
reduction of sediment transport of around 20% at 
the end of the 21st century for the RCP8.5 scenario. 
The change is relatively homogeneous along the 
study area with some areas indicating slightly more 
pronounced reduction in LST (i.e. north of Burleigh 
Head). Looking at individual model results, 
however, the uncertainty in LST predictions is 
evident with models showing both an increase and 
decrease of LST. This is consistent with findings 
from [5] for the Mediterranean Sea. 
 
The BCC-CSM 1.1 result indicates that the 
sediment transport pattern will remain similar to the 
present condition for the south part of the study area 
through to the downdrift side of Burleigh Head, from 
where the model indicates a significant increase in 
LST of up to 80% higher than the historical period at 
some transects. This increase of sediment transport 
is related to the historical period capturing a higher 
percentage of large (e.g. Hs > 6 m) storms from the 
north and northeast that would reduce the net 
transport towards the north. The south end of the 
study area is partially protected by the headland and 
the training wall which seems to reduce the 
bypassing in the opposite direction of the net 
transport under these conditions, thus, affecting 
less this section of the study area.  
 
MIROC5 shows an opposite trend with the southern 
end of the study area predicted to experience a 
reduction in LST of around 25-30% while the north 
end of the area is expected to reduce by around 45-
50%. This reduction is also attributed to the 
changes in frequency of extreme waves (i.e. Hs > 
4m) from the north and northeast as well as for the 
modal waves from these directions (1-2 m). This is 
consistent with most predictions of offshore waves, 
indicating an anti-clockwise shift in wave direction 
into the future [16]. 
 
The simulations forced with MRI-CGCM3 also 
indicate a reduction in longshore sediment transport 
along the area (of around 5-10%). In this scenario, 
however, the changes are less pronounced than 
MIROC5. 

 
4.1 Natural headland bypassing 
Burleigh headland is short and the depths in front of 
it are shallow. This configuration allows the 
bypassing to occur along the bar that forms off the 
headland. This type of bypassing is classified as 
swash-surf zone bypassing [13]. A similar process 
also happens at Fingal Head, 16 km south of the 
study area [19].  
 
Headland bypassing is a process that is driven by 
waves and is very sensitive to changes in wave 
direction [22] and climate drivers [8,19,26]. 
Moreover, the process is highly dependent on the 
type and amount of sediment available to be 
transported [15,13] and, therefore, is influenced by 
the pre-existing conditions (i.e. initial bathymetry). In 
spite of the importance of the waves to the process 
and the effort to understand wave climate change, 
the implications that these changes may have to the 
process are still poorly understood.  
 
The changes in sediment input to Burleigh Heads is 
presented in Table 1. The overall pattern is 
consistent with the sediment transport changes 
(Figure 4) where an increase in sediment transport 
along the coast (e.g. BCC-CSM 1.1) is related to the 
increased input of sand to Burleigh Beach and the 
reduction of LST (e.g. MIROC5, MRI-CGCM3) 
results in less sand arriving at Burleigh.  
 
While sediment input to Burleigh beach is projected 
to reduce into the future (see ensemble results in 
Figure 4), this may not mean erosion increases at 
the south end of Burleigh Beach as a further 
reduction of LST is expected to the north. This could 
potentially result in beach accretion in that section. 
However, if the BCC-CSM 1.1 model projections are 
correct, a significant erosion could also be 
experienced in that area. In this case, erosion is not 
driven by the reduction of the sand input, but rather 
by the increased transport to the north which would 
increase the LST gradient leading to an erosion hot 
spot. 
 
It is important to highlight that this study presents an 
idealised 21st Century projections for specific 
scenarios and, for consistency, used the same 
bathymetry for all scenarios. Changes in these 
conditions and, particularly, the sand availability via 
natural and artificial sand bypassing (i.e. via TSB) 
may significantly impact the Gold Coast beaches. 
Moreover, the tidal flows were considered 
unchanged, and wave climate is assumed to be 
significantly more important for morphological 
evolution than sea-level rise. 
 
4.2 Tallebudgera Creek infilling 
The predictions of Tallebudgera Creek infilling are 
more complicated than the natural sand bypassing 
input to Burleigh Beach. Considering that the tidal 
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flow is assumed to remain unchanged into the 
future, an increase in sediment transport of 6.5% 
updrift of the headland for BCC-CSM 1.1 translates 
into a reduction of 23% in creek infilling. While this 
seems counter-intuitive at first, an increased 
longshore transport rate allows for less sand to be 
deposited as the grains would be transported, on 
average, at higher speeds, thus, less sand deposits 
in the creek while more sand bypasses the creek. 
 
The opposite pattern is observed for MIROC5. In 
this scenario, a reduction of 24.5% in sediment 
transport updrift of the entrance, translates into 14% 
increase in creek infilling. This is explained by the 
reduction of the average speed of the currents on 
which the sand is transported, allowing for a greater 
amount of sand to be deposited under a lower 
transport rate. 
 
For MRI-CGCM3, however, a reduction of 2% of 
sediment transport updrift of the creek entrance 
translates into a reduction in creek infilling rates of 
16%. This is related to a shift in the sand pathway 
to the south – outside of the dredging area) into the 
future, linked to the increase in waves from east and 
north projected by MRI-CGCM3. 
 
4.3 Coastal Management Implications 
The results presented here have significant 
implications for coastal management. Predictions of 
the amount of sand that is expected to be dredged 
from the creek and deposited on the beach into the 
future will support the City to plan and budget for 
coastal management strategies such as the 
ongoing dredging in the area. 
 
Sand from the creeks has been used extensively for 
beach nourishment [11], not only at Burleigh but 
also at other entrances along the coast. The 
understanding and quantification of the available 
sand in potential borrow areas such as the creeks is 
crucial for future planning of coastal protection 
strategies. 
 
If the modelled reduction in LST observed around 
Burleigh head extends to the rest of the coast, the 
two artificial bypassing plants located at north and 
south of the Gold Coast would receive (and 
therefore pump) less sand. Moreover, the 
dispersion of sand placements, such as provided by 
beach nourishment, would also be affected. 
Nonetheless, it is highlighted that, with an increased 
cross-shore transport focus, erosion associated 
with extreme events can potentially increase. These 
potential impacts to other parts of the coast, 
however, requires further studies to confirm the 
hypothesis. 
 
By looking into potential changes in wave climate 
and how they translate into sediment transport, 
sediment supply for coastal compartments and 

infilling rates of the creeks, coastal managers can 
be prepared in advance for these changes, in order 
to act proactively rather than wait and allow large 
erosion events to dictate future coastal protection 
interventions. 
 
5. Conclusion 
This paper translated the wave climate change 
projections into potential changes in LST and 
discusses the implications they may have for 
coastal management. Our findings reveal that the 
predictions for average and extreme waves may not 
be sufficient to accurately predict sediment 
transport patterns, headland bypassing and creek 
infilling rates. Time series of wave projections are 
important to explain less obvious impacts on 
sediment transport that can be inferred by changes 
to mean and extreme wave values. These 
processes are localised in nature, and not easily 
extrapolated from broad scale (offshore) projected 
wave climate change.  
 
Overall, the ensemble of the models indicates a 
projected reduction in sediment transport rates 
along the study area in response to projected lower 
and more frequently occurring easterly waves in the 
area. However, these projected changes exhibit a 
large range in projected response, with projected 
changes spanning contrary changes (i.e. increase 
vs decrease) of LST across the ensemble. These 
then are translated into sand sources for coastal 
compartments via headland sand bypassing and 
infilling rates of the creeks under climate change. 
 
Finally, while the model ensemble is acknowledged 
to be a good approach to assess the results of 
multiple models, and potentially reducing the 
uncertainty of the collection of existing GCMs, the 
inclusion of more models to compose the ensemble 
can further reduce uncertainties in the predictions. 
Moreover, simulation of multiple GCMs allow the 
selection of worse case scenarios depending on the 
application. For instance, when the increased 
infilling of creeks is deemed as worse-case, 
MIROC5 can be considered the worse-case for the 
study area from the simulated scenarios.  
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Abstract 
The presence of navigation channels often results in sharp spatial bathymetric gradients (i.e. depth difference) 
which can significantly modify the propagation of incoming waves and in turn the wave conditions both outside 
and inside ports.  
 
The fate of waves in intermediate to shallow water depths encountering a deeper navigation channel is largely 
dependent on the angle of approach relative to the channel axis. Wave transmission occurs when the angle 
of approach is large (e.g. near perpendicular to channel axis). In that case, we can expect a “reverse” refraction 
whereby waves bend away from the bathymetric contours when reaching the deeper channel water. When 
waves approach the channel with incidence closer to its axis, waves are subject to sharp refraction over the 
channel edge and effectively “reflect” at the same angle as the incident waves but in the landward direction. 
The superimposition of the incident and “reflected” waves can lead to wave interference patterns that can 
significantly modulate the resulting wave energy distribution in the lee area.  
 
In this paper, we explore differences between phase-resolving (SWASH) and phase-averaged (SWAN) wave 
modelling results for waves propagating over the Port of Townsville shipping channel. It is found that the 
modelling approach can largely affect the predicted wave conditions statistics (based on a 10 year hindcast) 
typically required for coastal structure design, which suggests the importance to account for possible wave 
interference that can develop around shipping channel. 
 
Keywords: Wave modelling, shipping channel, phase-averaged model, phase resolving model. 
 
1. Introduction 
The study was undertaken in the context of the Port 
of Townsville’s Channel Upgrade (CU) Project 
which includes deepening and widening of the 
existing channel to the design depth of 12.5m LAT, 
a realignment of the western entrance breakwater 
and land reclamation (see Figures 1 and 3). 
 
The wave modelling objectives were to evaluate the 
existing wave processes in the vicinity of the 
existing channel (i.e. wave “reflection” / sharp 
refraction) and investigate the potential impact of 
the proposed CU channel widening/deepening and 
reclamation on operational wave conditions 
throughout port approach and within the inner 
harbour. 
 
The primary wave modelling approach included a 
dynamic downscaling of the offshore wave climate 
offshore of the Port using a nested suite of 
Simulating WAves Nearshore (SWAN) domains, 
and a high-resolution, phase-resolving, SWASH 
domain for the Port of Townsville approach and 
basin to specifically investigate wave propagation 
over the entrance channel as well as wave 
interactions with structures (i.e. wave 
reflection/transmission and diffraction).  
 
The Simulating WAves till SHore (SWASH) model 
was first compared with physical model results by 

[6] to ensure key wave patterns were correctly 
reproduced, and a wave transformation technique 
was then applied to downscale the hindcast 
offshore wave conditions (from SWAN) to local 
wave climates at several sites outside and inside 
the port basin (see Figure 3). 
 
As a retrospective exploration step, in part 
motivated by the reduced computational effort 
involved to downscale the wave climate with SWAN, 
the feasibility of using a high resolution SWAN 
(phase-averaged) domain instead of SWASH 
(phase resolving) for the last downscaling step was 
explored and difference in predictions in the lee of 
the channel, outside (i.e. near reclamation) and 
inside of the port basin, were evaluated.  
 
The paper is structured as follows. The wave 
modelling methodology including SWAN wave 
climate hindcasting and SWASH wave 
transformation approach is provided in section 2. 
Key wave processes and main study findings are 
outlined in section 3. A comparison with SWAN 
results is discussed in section 4 and main 
conclusions are provided in section 5. 
 
2. Methods 
2.1 SWAN hindcast 
Wave modelling was undertaken using a modified 
version of Simulating WAves Nearshore (SWAN) 
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[4]. A suite of four nested domains (resolution 5 km 
to 50 m) was implemented to provide a 10-year  
high-resolution wave hindcast of the Cleveland Bay 
region spanning 2009 to 2019.The model suite used 
the new source terms parametrisation ST6 and 
included a non spatially-constant bottom friction to 
reproduce areas of the Great Barrier Reef. The 
model was validated against available observations.  
 
The SWAN hindcast data provided long term 
spectral wave climate which was used as boundary 
conditions for the local SWASH modelling. Joint 
probabilities of wave parameters were established 
at the offshore boundary of SWASH domain and all 
non-empty bin wave conditions were considered for 
the wave transformation runs. 
 
2.2 SWASH wave modelling 
High-resolution nearshore wave modelling of the 
port of Townsville approach and basin was 
undertaken using the non-linear wave propagation 
model Simulating WAves till SHore (SWASH). 
 
SWASH is an open-source non-hydrostatic wave-
flow model solving the non-linear shallow water 
equations including non-hydrostatic pressure. It is 
notably intended to be used for predicting 
transformation of dispersive surface waves from 
offshore to the beach, for studying the surf zone and 
swash zone dynamics, wave propagation and 
agitation in ports and harbours. A complete 
description of the numerical algorithms used in the 
code and capabilities is provided in [11] 
 
The model simulates individual waves as they 
propagate over the bathymetry towards the shore, 
i.e. phase-resolving model, accounting for all 
relevant nearshore processes, including shoaling, 
refraction, diffraction, reflection, non-linearity, and is 
therefore suitable to study wind seas (wave periods 

< 10 sec), swell (wave periods 10-22 sec) wave 
propagation and infragravity (wave periods 22-250 
sec) wave generation and propagation. 
 
A first phase of the SWASH modelling exercise 
consisted in a comparison with available 3D 
physical modelling results by [6] to ensure key wave 
processed were correctly reproduced. The physical 
model represented the Port of Townsville 
approaches at a 1:100 scale including the channel 
widening, as well as the bund wall of the proposed 
reclamation east of Berth 11 (see Figure 3). The 
SWASH domain reproduced the physical model 
configuration as closely as possible to allow 
consistent comparison between wave conditions 
measured within the physical model (using probes) 
and corresponding modelled wave conditions.  
 
After the initial validation phase, a larger SWASH 
domain was implemented encompassing the full 
Port of Townsville approach, berths, reclamation 
and harbour basins. The simulations used a 
rectangular domain of 1602 by 1815 cells rotated to 
33 degT North, with a spatial resolution of 2 m 
(Figure 2). The offshore wave boundary was chosen 
to coincide with Location P8 where wave conditions 
are available from the long-term SWAN hindcast. 
Two wave-dissipating sponge layers were included 
along the western and southern domain boundaries 
to allow waves to propagate out of the domain freely 
(200 and 70 meters wide respectively). The model 
was run in depth-averaged mode. A constant 
Manning friction of 0.019 m-1/3.s (default) was used 
throughout the domain with local elevations to 0.1 
m-1/3.s over the rubble mound and rock revetments 
to account for the increased roughness. 
 
To further simulate reflection and transmission of 
porous structures such as rubble mound 
revetments, SWASH also allows the use of so-
called porosity layers in addition to, or in place of, 

Figure 1. Port of Townsville. Note the long shipping 
channel and variety of port structures.  

Reference site  P8 

Figure 2. Port of Townsville model domain bathymetry 
used for SWASH and SWAN. 
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representing the structures in the bathymetry. A 
porosity layer uses a porous flow model with 
equations by [10] to obtain the amount of wave/flow 
transmitted past an obstacle. In that context, the 
porosity is defined as the volumetric porosity of the 
structure, with value between 0.0 and 1.0. A 
porosity value of 0.0 reproduces an impermeable 
wall (i.e. land, no wave transmission, full reflection) 
while a porosity of 1.0 allows full wave transmission 
(i.e. “wet” point). In the present study, several 
porosity layers were defined over the existing and 
proposed port structures based on their revetment 
types. The existing and proposed bathymetries and 
corresponding porosity layers are illustrated in 
Figure 3. 
 
Simulations were run over 1500 seconds and 
spatial maps of averaged wave parameters were 
computed on the last 900 seconds of the 
simulations. Timeseries of sea-surface elevations 
were extracted at the locations of sites of interest 
inside and outside of the port basin (see Figure 3) 

and wave parameters were determined using 1D 
spectral analysis.  
 
2.3 Wave Transformation Technique 
Although the SWASH model provides a very 
comprehensive modelling solution, its 
computational cost prevents its use for dynamic 
downscaling (i.e time-domain simulation). The 
objective of a wave transformation technique is to 
predict wave conditions at one or several nearshore 
locations, i.e. “forecast” sites, based on known 
conditions at an offshore position i.e. “reference” 
site (available from measurements, hindcast or 
forecast data). The technique involves generating a 
database of a large number of stationary wave 
model runs that transform wave conditions from the 
“reference” site to the “forecast” sites, for any wave 
condition that can be experienced at the “reference” 
site. The database is then used to transform known 
conditions at the “reference” site to the “forecast” 
sites without having to re-run any model simulation.  
 

Figure 3. Zoomed-in view of SWASH model bathymetries for the existing (top left) and Channel Upgrade (CU) 
(top right) configurations and corresponding porosity layers included in the SWASH model domain. The CU 
reclamation area is shown as a shaded polygon (bottom right panel). Red dots are output locations. 

of1 
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In the present study, the representative wave 
events at the site were simulated using the SWASH 
model and resulting wave transformation table were 
applied to the 10-year wave climate available from 
the SWAN hindcast at the model boundary to 
produce 10-year timeseries of wave conditions at 
nearshore sites. 
 
3. Results 
The comparison of the SWASH modelling with the 
physical modelling results provided a clear 
illustration of wave processes developing in the 
vicinity of a shipping channel, which in that case 
combined with subsequent interaction with port 
structure and proposed reclamation (Figure 4). 
 
For obliquely approaching waves, sharp wave 
refraction from the channel edge and incident 
waves combine in cross-wave or “diamond” 
patterns along the eastern channel edge, typical 

signature of channel “reflection” processes (e.g. 
[3,7]). This feature combines with a similar wave 
“reflection” process and diamond pattern, albeit with 
different orientation, along the edge of the berth 
pocket. Another feature of interest is the clear wave 
focusing, and redirection of incoming waves along 
the channel and berth pocket edges. The focusing 
is more significant along the channel edge for the 
oblique wave incidence, while more significant 
along the berth pocket edge for the normal wave 
incidence. These processes produce bands of 
increased significant wave heights along the 
channel and berth pocket bathymetric edges 
(Figure 4. bottom panels). In contrast, wave heights 
within the channel remain relatively small indicating 
limited wave transmission.  
 
For the oblique event, the wave focusing along the 
channel edge transmits a clear band of focused 
wave crests following the channel axis which then 

Figure 4. Snapshots of sea surface elevations for monochromatic conditions with normal (top left) and oblique wave 
incidence (top right). The bottom panels show significant wave height fields for spectral wave conditions with normal 
(left) and oblique wave incidence (right). Note the clear “diamond pattern” in the wave fields along the edges the 
channel and berth pocket, signature of wave “reflection” (or sharp refraction) when waves approach bathymetric 
gradients obliquely. This reduced domain reproduced the physical model against which SWASH was validated. 
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are further focused by the shallower wedge formed 
by the berth pocket, before reaching the landward 
end of physical domain but in reality would be 
reaching the eastern entrance breakwater.  
 

Overall, the combination of wave concentration 
over, and wave reflection from channel and berth 
pocket edges results in relatively large wave heights 
towards the west-facing reclamation bund wall (~1.5 
m versus 1.0 m offshore i.e. ~ 50% larger). This was 
consistent with observation by [6] which noted 
larger waves in that area relative to what would be 
experience with incident waves alone (i.e. no 
channel). 
 
The extended SWASH domain used for final 
simulations included the full port layout and 
reproduced both existing and proposed port 
configurations (Figure 5). We note the presence of 
the reclamation in the proposed CU configuration 
locally reflects some of the incoming enhanced 
wave energy beam, which results in a further local 
increase wave height relative to the existing 
configuration.  
 
In the proposed CU configuration, the channel 
widening and deepening as well as removal of the 
corner between the offshore and western 
breakwaters effectively widen the port entrance. For 
waves approaching from the 20-40 degT range, 
relatively more wave energy reaches the western 
side of the basin (+5-15cm), while the eastern side 
of the entrance area becomes more sheltered (- 5-
10 cm). Some of the incident wave energy appears 
to bounce off the new junction between the offshore 
and western breakwater and redirects to the centre 
of the eastern wharves. Similar patterns were 
reproduced for wave from the 40-60degT window 
though with smaller magnitude of changes.  
 
The application of the wave transformation 
technique produced long-term timeseries of wave 
conditions at several location inside and outside of 
the port which formed the basis to evaluate impact 
of proposed development on port operability.  
 
4. Comparison with SWAN 
The SWASH modelling indicated complex wave 
propagation patterns and interactions with 
structures which indeed motivated the choice for 
SWASH as main modelling tool for the study in the 
first place.  
 
However, given the good interoperability of model 
inputs between SWASH and SWAN and much 
reduced computational cost of SWAN simulations, 
a comparative assessment was considered as a 
retrospective exploratory step, notably to evaluate 
the feasibility of a “lighter” approach which may 
allow a dynamic downscaling and/or domain 
implementation in an operational forecasting 
context.  
 
Using the same high-resolution model domain (2m 
resolution), the wave transformation approach was 
applied, this time using SWAN instead of SWASH 

Figure 5. Significant wave height fields for 
offshore wave conditions at P8 Hs=0.75m, Tp=5 
sec, Dpm =[20-40 degT] for the existing (top) and 
proposed (middle) CU configurations. Wave 
height difference are shown the bottom panel. A 
positive wave height change indicates larger 
wave heights on the proposed configuration 
relative to existing.  
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for the simulations of the discrete wave events. 
Diffraction in SWAN was also activated.  
 
A comparison of statistics at some sites of interest 
outside of the port near the reclamation (see Figure 
3, bottom panels) is shown in Figure 6. At these 
sites, SWASH predictions are 25 to 40 % higher 
than SWAN. Comparison at other sites including 
inside the basin (not shown) yielded SWASH wave 
height 15 to 50% larger than SWAN.  
 
The reason for these large differences in wave 
height predictions are illustrated in Figure 7 that 
compares significant wave height fields predicted by 
SWASH and SWAN for the same generic offshore 
conditions. In SWASH results, more intense wave 
height amplification develops east of the port 
entrance where waves reflected and focused by the 
channel converge with ambient incoming waves. 
We also note a more efficient wave shadowing of 
the western side of the shipping channel due to the 
more intense reflection (or sharp refraction) from the 
channel in SWASH than in SWAN.  
 
Although the processes of refraction, focusing, and 
shadowing features are accounted for in SWAN and 
the resulting patterns can be seen to some extent, 
they do not reach the magnitude of SWASH-
predicted features, and resulting wave energy 
distributions are quite different for two models. 
Here, it is important to note that SWASH solves the 
nonlinear shallow water equations including non-
hydrostatic pressure and can simulate the rapid 
changes of wave propagation taking into account 
nonlinear effects. It is thus much more accurate 

than in SWAN, where linear refraction is obtained 
from the kinematics of a wave packet (wave ray 
theory). 
 
The sharp variations of wave height statistics that 
occur through the port approach in SWASH results 
suggest the importance to consider coherent wave 
effects at the site, and more widely around 
navigation channels. These coherent wave effects 
develop when incoming waves are scattered across 
multiple directions for example by sharp depth 
variations (or current) which can form focal zones 
and give rise to wave interference patterns 
([1,2,8,9]). These effects can lead to rapid variations 
of the wave energy spatial distribution and 
corresponding wave statistics. Non-linear effects 
could also play a role in producing larger wave 
heights (e.g. [5]). 
 
These processes are not accounted for in SWAN 
and other typical phase-averaged wave models 
based on the radiative transfer equation (RTE) that 
assume waves propagating at angles are mutually 
independent and that the wave field change slowly 
over several wavelengths ([1]). We note however 
that [8,9] have proposed an additional source term 
for the action balance that allows reproducing wave 
interference patterns (Quasi Coherent Model). This 
could be an interesting alternative for future 
experiments on wave propagation around shipping 
channels. 
 
We also note some difference with respect to 
diffraction around port structures. This is more 
easily noticeable in the entrance and western 

Figure 6. Comparison of significant wave height statistics derived from 10-year timeseries predicted at sites of1, bd1, 
b11, outside of the port (see Figure 3, bottom panels) by SWAN and SWASH.  

SWASH 

SWAN 
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breakwater port area. There is a difference in wave 
height gradient in the alongshore direction between 
both models whereby SWASH fills more of the 
energy gap in the sheltered entrance area. This is 
expected given the more empirical treatment of 
diffraction in SWAN whose applicability in complex 
port configurations is debatable [e.g. 4].  
 
Another point of difference between the models 
which was briefly explored was the inclusion of 
reflective obstacles in the SWAN domain. 
Treatment of wave interaction with land and 
structures are significantly different in SWASH and 
SWAN. SWAN requires reflection/transmission 
coefficients, possibly frequency-direction 
dependent along obstacle lines and assume full 
wave dissipation at land point. In contrast, SWASH 
employs porosity layers specified on structures 
themselves which allows more realistic modelling of 
wave interactions with structures. Full wave  
reflection occurs at land point unless specified 
otherwise (i.e. porosity > 0). SWAN obstacles need 
to be surrounded by water which complicates the 
definition of shoreface reflectivity, and this was also 
found to introduce stability issues in simulations 
which prevented running the full set of wave 
transformation events, notably when varying water 
levels.  
 
An example of the net effects of reflective obstacles 
is shown in Figure 8. We note the local increase in 
wave height in the vicinity of structures and 
shorefaces would contribute to increase the SWAN-
derived statistics presented in Figure 6 and thus 
reduce relative difference SWAN/SWASH, however 
magnitude of changes would most likely be too 
small to reach SWASH levels. 
 
We note that that SWASH was not calibrated 
against in-situ measurements, but it is expected to 
be the best available guidance/reference in our 

comparison given its validation against the physical 
modelling results and more comprehensive model 
physics including wave refraction, diffraction, 
reflection and non-linear effects.  
 
5. Conclusions 
In the context of the Port of Townsville Channel 
upgrade (channel widening and deepening), the 
paper explores the impact of shipping channel on 
nearshore wave propagation and compares 
predictions obtained with two different wave 
models: SWASH (non-linear, phase-resolving) and 
SWAN (phase-averaged based on action balance 
equation).  
 
We find the combination of wave concentration 
over, and wave reflection from channel and berth 
pocket edges results in wave heights transmitted in 
the lee zone that are significantly larger than what 
would be experienced with incident waves alone 
(i.e. no channel). These larger waves can further 
interact and reflect with port and/or reclamation 
structures driving further wave energy increase. 
 
The model comparison indicates that SWAN does 
not reproduce the same intensity of wave focusing 
and wave convergence as SWASH, with predicted 
wave height smaller by 25 to 40 %. This suggests 
the importance of coherent wave effects around 
sharp bathymetric gradients such as shipping 
channel which can form focal zone and interference 
patterns that have the potential to significantly 
modulate the spatial distribution of wave energy in 
their lee. The fact that these effects cannot be 
accounted for in SWAN, along with a less realistic 
treatment of the wave interaction with structures, 
makes the SWASH model a preferred option over 
SWAN, even with a high spatial resolution, for our 
study site and likely others.  
 

SWASH SWAN 

Figure 7. Comparison of predicted significant wave height for generic spectral wave conditions Hs=1.0m, Tp=5sec. 
Dp=55 degT (JONSWAP). 
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Figure 8. Significant wave height difference between 
SWAN simulations with and without reflective 
obstacles. A positive difference means larger wave 
height on configuration with reflective obstacles.  
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Abstract 
River mouths are often highly dynamic environments, fluctuating in location and depth with riverine and coastal 
processes. Where river training structures restrict the river to a fixed location, these structures must be 
protected against the effects of scour occurring within the main channel. One possible toe protection method 
is to construct a “falling toe” (or “falling apron”) to launch material onto the developing slope formed by the 
scour. Data from physical model studies and field installations are limited, making it difficult to assess the 
general behaviour of the falling toe during the scour process and therefore the optimal placement volume and 
geometry. 
 
This paper describes a physical model study undertaken at the University of Auckland Fluid Mechanics 
Laboratory to investigate the performance of the toe armour during scour, and to document the scour 
development (and the response of the falling toe) during several experiments. The physical model study was 
undertaken at a geometric scale of 1:30 within a recirculating hydraulic flume. Time-dependent scour depth 
measurements obtained using an array of acoustic sensors and time-lapse photograph observations are 
combined with photogrammetry and post-test excavations to gain a complete understanding of the behaviour 
of the falling toe in response to scour of the channel test section. 
 
As the scour developed within the channel, the falling toe was launched to create a 1:2 slope protected by a 
single layer of armour material, irrespective of the presence of an underlayer. The toe of the armoured slope 
was periodically buried and uncovered by bedforms under live-bed conditions. The amount of crest retreat was 
governed by the scour depth and the number of armour layers providing material to the protected slope. Scale 
and model effects are discussed along with general principles for design. 
 
Keywords: sediment transport, scour, coastal structures, toe stability, physical modelling. 
 
1. Introduction 
Hydraulic structures are often vulnerable to scour of 
the sediment bed around or in front of the structure. 
River training structures located at the interface of 
coastal and riverine environments constrain the 
tendency of a river mouth to fluctuate in location. 
These structures must be protected against 
instabilities caused by scour of sediment in the main 
river channel [4]; such instabilities may also be 
exacerbated by thalweg depth and movement and 
channel widening [1]. Protection options include 
installing toe protection down to the expected scour 
depth, using a flexible mattress, or employing a 
“falling toe” (or “falling apron”) to launch rock 
material onto the slope created by scour within the 
channel [7]. The falling toe approach has some 
similarities to riprap protection of wing-wall 
abutments or bridge piers [3], sharing the common 
features of a sediment armour that can respond to 
changes in bed elevation. This approach has been 
used in river bank stabilisation, but is not generally 
recommended for cohesive bank stabilisation [2].  
 
Current understanding of falling toe performance is 
informed by a series of experiments using narrowly 
graded [6] and widely graded [5] armour material. 
The falling toe in both sets of experiments exhibited 
similar behaviour. Material was launched onto the 

slope in response to scour within the main channel, 
creating an armoured face with a slope of 
approximately 1:2 (vertical: horizontal). The armour 
material covered the slope in a single layer, 
irrespective of the grading of the material. Given 
that a single layer is insufficient to meet filter 
requirements, the armoured slope slowed, but did 
not prevent, the removal of sand from the slope [7]. 
 
Scour and sediment transport problems are 
generally challenging to solve using mathematical 
models, particularly when they involve a large 
number of discrete elements (armour units) that can 
move during a simulation. Physical modelling aims 
to reproduce a physical system at a reduced size, 
ensuring correct representation of the dominant 
forces acting on the system. When undertaken by 
experienced practitioners, physical modelling has 
the advantage of reproducing phenomena that are 
challenging to describe (or solve) mathematically, in 
addition to insights gained from visual observations. 
Hence, physical modelling can be a useful design 
tool for toe protection systems such as a falling toe. 
This paper describes a physical model study of a 
falling toe responding to scour caused by flow within 
an open channel representing a river mouth. 
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2. Experimental method  
The physical model tests were undertaken in the 
Fluid Mechanics Laboratory at the University of 
Auckland, within a recirculating flume. The flume 
was 1.5 m wide, 40 m long, 1 m deep, and its flow 
capacity (delivered by two variable-speed axial flow 
pumps) exceeded 1.1 m3/s. The flume was capable 
of recirculating both water and sediment. However, 
upstream sediment supply was not required for 
these tests, as the bedforms generated under live-
bed conditions created issues within the working 
section of the flume (discussed in Section 2.1). The 
slope of the flume could also be adjusted to ensure 
uniform flow conditions within the test section.  
 
2.1 Test setup and experimental procedure  
The physical model setup was informed by 
preliminary experiments. Within the flume, a test 
section was created with a bed level elevated 
150 mm above the sediment level in the remainder 
of the flume. This test section contained a 5.0 m 
length of the falling toe, with transitions to the flume 
sidewall at its upstream and downstream ends, 
reducing end effects. Elevating the test section 
increased flow velocities within this section, 
promoting enhanced scour at the location of the 
falling toe. It also ensured that this enhanced scour 
could occur without creating live-bed conditions 
over the rest of the flume length, as the generated 
bedforms could propagate into the test section and 
deposit sediment on the armour layer. The armour 
layer itself consisted of three layers of sediment, 
with one test including an additional underlayer of 
smaller-diameter rock. Two of the three layers were 
painted (bright pink and bright green), to aid in 
identification of the behaviour of the layered falling 
toe during its launching onto the slope created by 
scour within the channel. The falling toe extended 
0.75 m into the channel width, as shown in Figure 1. 
 
Prior to each test, the sand within the working 
section was levelled and the falling toe was 
constructed. A series of photographs were then 
captured for the pre-test photogrammetry model, 
after which Seatek transducers (to measure bed 
levels) and time-lapse cameras were installed along 
the flume. The flume was then filled, and after 
initiating data capture the flow was started. 
Following each test, the flume was slowly drained of 
water before a second series of photographs were 
captured for the post-test photogrammetry model. 
Additional excavations were undertaken to obtain 
cross-section measurements and to support visual 
observations recorded during the test.  
 
The physical model tests utilised three layers of rock 
armour. Test 1 was undertaken without an 
underlayer, while Test 2 contained an underlayer. 
Both tests (Test 1 and Test 2a) were undertaken 
using a model-scale discharge of 85 l/s, for a 
duration of 24 hours. Following this period, Test 2 

was continued at a higher discharge (115 l/s) to 
further enhance the final scour depth (Test 2b). 
Table 1 lists the model and prototype cross-
sectional average velocities for the tests, while 
Figure 1 illustrates the setup used for the physical 
model tests.  
Table 1 Summary of cross-sectional average velocities 
within the physical model tests, where the “0” subscript 
refers to the velocity upstream of the test section, “1” 
refers to the velocity within the test section, and “m” and 
“p” refer to model and prototype velocities, respectively.  

Test 𝑣𝑣0,𝑚𝑚 
(m/s) 

𝑣𝑣0,𝑝𝑝 
(m/s) 

𝑣𝑣1,𝑚𝑚 
(m/s) 

𝑣𝑣1,𝑝𝑝 
(m/s) 

1 0.56 3.1 0.95 5.2 
2a 0.45 2.5 0.76 4.2 
2b 0.61 3.3 1.03 5.6 

 
 

 
Figure 1 Schematic showing a plan and cross-section of 
the physical model tests undertaken in the test section of 
the hydraulic flume. Coordinate directions are defined 
with respect to the intersection between the falling toe and 
the raised test section of the flume. The flow direction is 
denoted by Q.    
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2.2 Measurement techniques 
Scour depths within the channel of the test section 
were measured using a SeaTek multiple transducer 
array (MTA) instrument. The SeaTek probes were 
installed in four rows of six probes. These recorded 
data at a rate of 1 Hz for the duration of each test. 
Data were filtered to remove noise. A GoPro Hero 8 
located above the flume and a Nikon D90 DSLR 
located outside of the flume sidewall captured 
images of the scour development during each test.  
 
The photographs used for the photogrammetry 
measurements were captured using a smart phone 
before and after each test. These overlapping 
photographs utilised permanent targets on the 
flume sidewalls, as well as temporary targets placed 
on the armour layer (away from the cross-sections 
of interest), to enable reconstruction of a digital 
elevation model using AgiSoft MetaShape software. 
A minimum of 100 photographs were captured 
before and after each test. After capturing the 
photogrammetry images after each test, one or 
more sections of the falling toe were carefully 
excavated to determine the thickness of the 
launched material, complementing the other 
measurements and observations.  
 
2.3 Scaling and scale effects 
The physical model was designed using a 
geometrical scale factor of 1:30, encapsulating the 
scaling of the armour geometry and water depth. 
Froude similarity scaling was used for the flow 
kinematics. However, velocities were set to achieve 
the desired design scour depths, rather than aiming 
to replicate a given prototype-scale velocity (and 
hence discharge). The toe armour had a d50 of 
29 mm (model scale), while the underlayer had a d50 
of 5 mm (also model scale). Previous research 
indicates that the launching of an apron and its final 
slope are independent of armour size [5-7]. 
Additionally, in the context of the current study the 
stability of the armour under flow conditions was 
deemed to be less important than its response to 
scour within the channel.  
 
The seabed material was not scaled geometrically, 
as this would have led to issues with cohesive 
effects, but was rather modelled using the available 
sediment with a d50 of 0.8 mm. The ratio of rock 
armour size to channel sediment size was 
approximately 36, compared to the prototype ratio 
of approximately 2500. Hence, the model is unlikely 
to capture winnowing or the removal of sand around 
the rock armour or underlayer but should sufficiently 
capture the settlement of the falling toe during 
scour. Additional scale effects arise from the lack of 
Reynolds number similarity between model and 
prototype. The prototype-scale Reynolds number is 
approximately 164 times larger than the model-
scale Reynolds number. Hence, viscous effects are 
likely to be more pronounced within the model, 

particularly considering the flow adjacent to and 
within the armour layer. This reinforces that the 
model will not correctly predict the removal of sand 
around the armour layer.  
 
3. Results and discussion  
3.1 Scour within main channel 
The channel bed within the test section 
progressively lowered from upstream to 
downstream over the test duration. The Seatek 
sensors captured the bed evolution along four 
different cross-sections; results from one of these 
cross-sections (shown in Figure 2) indicate that the 
majority of the scour occurred within the first 12 
hours of each test. The scour development also 
varied with distance away from the (initial) edge of 
the falling toe. Although the presence of bedforms 
caused some variation in the scour measurements 
between sections, the same general pattern of 
progressive lowering was observed in all sections.   
 
The digital elevation model (DEM) in Figure 3 shows 
the scour within the channel at the end of Tests 1 
and 2a, at the end of the 24-hour test duration. The 
progression of the scour from the upstream end of 
the test section is clearly visible, with the largest 
scour depths visible near the upstream transition to 
the test section. In Test 1, scour depths were 
approximately uniform (along the cross-section) 
beyond x = 30 cm. Figure 3 also shows that the 
scour depths were similar in Tests 1 and 2a, and 
that the slope created by the falling toe as scour 
progressed in the channel was qualitatively similar 
between the two tests. Some bedforms are visible 
within the test section, although these were not very 
pronounced at the end of the tests.  
 

 
Figure 2 Temporal scour development at the initial toe 
location (x = 0 cm) and within the channel (x = 24 cm and 
x = 60 cm), during tests undertaken with no underlayer 
(Test 1, black lines) and with underlayer (Test 2a, blue 
lines). Here t denotes the time in hours since the start of 
the experiment, while hb denotes the bed elevation in 
centimetres.  
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Figure 3 Digital elevation model of scour and falling toe 
response following the 24-hour duration of the model tests 
undertaken a) with no underlayer (Test 1) and b) with an 
underlayer (Test 2a).  

Although the general progression of scour was 
similar for all the instrumented cross-sections of the 
falling toe model, the scour tended to progress from 
upstream to downstream within the model. The 
remainder of this paper focuses on scour depths 
and crest retreat distances (summarised in Table 2) 
measured near to the upstream end of the test 
section, since these locations recorded the largest 
scour and hence provide the best test of the falling 
toe’s response to significant scour within the 
channel.  
 
3.2 Response of falling toe 
The armour was launched onto the slope in 
response to scour in the main channel. Time lapse 
images recorded during experiments showed that 
the initial removal of material was not uniform along 
the channel. In addition to the progression of scour 
from upstream to downstream, some bedforms 
were observed within the main channel during the 
early stages of the tests. These bedforms led to 
successive launching of material from the falling toe 
during the passing of bedform troughs, followed by 
burial of the launched material by bedform crests. 
However, the bedforms did not transport any of the 
launched material in the streamwise direction. 
Additionally, the loss of launched material into the 
main channel (i.e. material becoming completely 
dislodged from the armoured slope) was negligible.  

 
In all cases, the lowest armour layer was launched 
first; as the test progressed, this was interspersed 
with rocks from the other layers. Figure 4 shows the 
photogrammetry model obtained before and 
following Test 1, for 3 layers of armour with no 
underlayer. An inset photograph provides a slightly 
different perspective of the armoured slope created 
by the launching of material in response to scour in 
the main channel. The scour (and launching of 
armour material) is reduced at the upstream 
transition and almost completely absent at the 
downstream transition. Figure 5 shows the 
photogrammetry model obtained before and 
following Test 2b, which included an underlayer, 
also including an inset photograph. The absence of 
scour at the downstream transition from the test 
section is striking in Figure 5, which shows that the 
falling toe and underlayer in this location are almost 
completely undisturbed.  
 
Both figures show the complete coverage of the 
slope by a single layer of the launched armour at the 
end of the two tests. Consistent with the spatial 
dependence of the scour itself, the apron launching 
was not uniform over the length of the test section, 
but rather was largest at the upstream end of the 
test section. The coverage by a single layer of rock 
armour in Test 1 (Figure 4) is consistent with results 
in the literature for narrowly graded armour material 
[6,7]. In Tests 2a and 2b the slope was covered by 
a single layer of rocks and underlayer (Figure 5), 
consistent with reported studies on widely graded 
armour material [5]. The thickness of this single 
layer varied considerably, due to the large 
differences between the diameters of the armour 
and underlayer. The slope angle was approximately 
1:2 in all these tests, with variation between 1:2 and 
1:3 in some sections. 
 
Due to the higher velocities used in Test 2b, live-
bed conditions were present in the transition to the 
test section. This resulted in partial burial of the 
armour and underlayer material at the upstream end 
of the test section. However, this partial burial did 
not affect the test section itself, as shown in 
Figure 5.  
Table 2 Summary of maximum scour depth (ds) and crest 
retreat (Lc) values at model and prototype scales, using 
the same subscript notation as in Table 1. Note that the 
values reported for Test 2b are the total scour and crest 
retreat, respectively, rather than the additional scour and 
crest retreat caused by the higher flow velocities used in 
this test.  

Test 𝑑𝑑𝑠𝑠,𝑚𝑚  

(m) 
𝑑𝑑𝑠𝑠,𝑝𝑝  
(m) 

𝐿𝐿𝑐𝑐,𝑚𝑚 
(m) 

𝐿𝐿𝑐𝑐,𝑝𝑝  
(m) 

1 0.164 4.92 0.05 1.50 
2a 0.188 5.64 0.03 0.90 
2b 0.205 6.15 0.06 1.80 
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Figure 4 Photogrammetry model showing a) the falling toe model within the test section of the flume before Test 1 and b) 
the relative coverage of the slope by a single layer of rock armour (with the colours interspersed) after Test 1. The single 
layer of rock armour (interspersed between the different layers) on the slope is clearly visible in the inset photograph. 

As the armour was launched into the channel, the 
crest gradually retreated. Table 2 summarises the 
model and prototype scale maximum scour depths 
and crest retreat distances recorded in Tests 1, 2a 
and 2b. In all cases, the scour within the channel 
exceeded the design scour depth of 4.0 m 
(prototype scale), such that the crest retreat 
distances are conservative. A change in angle was 
observed where the single protective layer (which 
had a slope of approximately 1:2 for all tests) met 
the unlaunched armour, resembling a scarp. This 
change in angle was more pronounced for the tests 
involving the underlayer. 
 
Regarding the crest retreat, Figure 4 shows that the 
majority of the falling toe is undisturbed, and that 
only a small proportion of the armour was launched 
onto the slope in response to the channel scour. 
Some small unprotected regions are visible near the 
top of the slope; however, if the test had continued 
for a longer duration (possibly at a higher velocity, 
as in Test 2b) these small regions would have been 
protected by the launching of additional material 
onto the slope. If the tests had been undertaken 

using a smaller geometric scale factor (hence using 
larger rock armour and higher flow velocities), but 
using the same bed sediment, it is possible that 
sand could have been removed from these 
unprotected areas. Such localised scour is unlikely 
to have been detrimental to the slope stability. It is 
far more likely that any recesses created by 
sediment removal would be filled by armour from 
further up the slope or the crest. However, given the 
scale effects associated with the current physical 
model, the effects of winnowing and the behaviour 
of the falling toe at different scales both merit further 
investigation.  
 
Figure 5 shows that the presence of the underlayer 
created an armoured slope comprised of relatively 
sparse rock armour interspersed with the smaller 
underlayer material. Although this did not entirely 
avoid the creation of unprotected regions of the 
slope, as observed in Figure 4, it reduced their 
spatial extent. The base of the slope was covered in 
underlayer material only. Although only a handful of 
armour units were lost from the slope in Test 1, 
losses were further reduced in Tests 2a and 2b.  
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Figure 5 Photogrammetry model showing a) the falling toe model within the test section of the flume before Test 2a and b) 
the relative coverage of the slope by a single layer of rock armour (with the colours interspersed) after Test 2b. The single 
protective layer formed by the launched armour and underlayer on the slope is clearly visible within the inset photograph, 
although the lower part of the slope is covered by the underlayer material only.   

Although the underlayer used in Tests 2a and 2b did 
not create a combined underlayer-armour layer 
(with the underlayer acting as a filter) within the 
launched material on the slope, the interspersal of 
the finer underlayer material with the armour 
material on the slope reduced the volume of rocks 
required to cover the slope in a single layer. Since 
the underlayer was more than one diameter thick in 
its original configuration, this in turn reduced the 
crest retreat to 20-30 mm (0.6-0.9 m at prototype 
scale) in Test 2a, compared to 50 mm (1.5 m at 
prototype scale) in Test 1.  
 
The purpose of a filter layer is generally to act as a 
filter beneath the larger rocks, reducing the 
winnowing of bed sediment between the individual 
rocks on the slope. The underlayer is clearly able to 
satisfy this requirement within the undisturbed 
falling toe. However, the results demonstrate that a 
single protective layer is formed on the slope 
irrespective of whether the underlayer is present. 
Such a single-layer slope protection will not satisfy 

filter requirements, such that winnowing of material 
from the slope may be a concern. Scale effects 
preclude the detailed investigation of winnowing 
failure within the current model. It is likely that a 
larger size factor between the bed sediment and the 
armour would have improved the ability of the model 
to correctly replicate the winnowing of bed material 
from the armoured slope. Studies that have 
included the winnowing of particles [7] found that 
the protected slope did not prevent erosion (i.e. it 
was not sand-tight), but merely slowed its rate. 
Given that the single protective layer observed in 
our experiments is consistent with their findings, 
their finding is also likely to apply to the prototype-
scale installation. A more thorough investigation into 
scale effects and sediment removal from the 
armoured slope should be considered in future 
research. The underlayer material on the slope may 
also be less stable in high flows or if subject to 
subsequent wave attack than the larger rock 
armour. However, these topics are out of scope of 
the current study.   
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One of the main considerations in designing a falling 
toe is to ensure the provision of a sufficient quantity 
of material to armour the slope created by scour in 
the channel. This ensures that the crest does not 
retreat to the river training structure itself, as this 
could lead to failure of the structure. Ongoing 
monitoring of the prototype falling toe is 
recommended, to inform any maintenance or 
replenishment of armour (depositing additional 
armour on the horizontal section of the falling toe) 
required over the design life of the structure. 
 
These tests considered a uniform supply of material 
on the falling toe, wherein the crest retreat is 
governed by the amount of scour in the channel and 
the number of armour layers in the falling toe. For 
instance, in Test 1 the crest retreated by 
approximately 50 mm (model scale), but the toe had 
advanced 200-250 mm into the channel from its 
original position. More layers would reduce crest 
retreat, but at the cost of increasing the amount of 
material required to armour the slope. 
 
A possible area of future research would be to 
develop an “optimisation” approach to determine 
the ideal falling toe configuration for a given 
situation. The kinematic model proposed by [2] may 
be useful in this context. However, the number of 
layers must also be determined considering the 
range of water levels, flow velocities and (if 
applicable) wave conditions expected at the site. 
Another possible approach to save materials would 
be to replace the uniform layers of the falling toe 
with a wedge shape intended to reduce crest retreat 
by placing more material close to the slope [7]. 
However, non-uniform configurations were not 
considered within the current study.  
 
4. Conclusions  
A series of physical model tests were undertaken to 
assess the performance of a falling toe under scour 
within mobile-bed open channel flow. The model 
was designed with a geometric scale of 1:30, with 
flow properties scaled using Froude similarity. Two 
different cases were run, both using three armour 
layers, one with and one without an underlayer. All 
cases were tested beyond the design scour depth. 
 
In both tests, the falling toe supplied material to 
create a protected slope that extended to the base 
of the scour hole. The amount of crest retreat was 
governed by the scour depth and the number of 
layers (armour and underlayer) contributing material 
to the protected slope.  

The slope was approximately 1:2, comprising a 
single layer of protective material. Rather than 
acting as a filter layer, the underlayer simply created 
a wider grading of the single protective layer on the 
approximately 1:2 slope, which will not satisfy filter 
requirements. However, the underlayer did 
significantly reduce the crest retreat, due to the 
provision of additional material.  
 
Given the scale effects relating to the relative size 
of the bed sediment compared to the rock armour 
and underlayer, this model cannot capture the 
winnowing of particles from within the armour layer. 
In addition, for the test that included the underlayer 
rock, scale effects may prevent the model from 
correctly replicating the size and amount of 
underlayer rock remaining on the slope at prototype 
scale.  
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Abstract 
Quantitative tsunami impact and risk analysis relies on hazard models representing inundation intensity (e.g. 
flow depth, velocity), and spatial information for elements exposed to inundation (e.g. people, buildings). The 
aim of this paper is to demonstrate how different inundation model scenarios representing a discrete tsunami 
event influences the exposure of elements at risk to inundation. We apply ten scenarios of the 2009 tsunami 
inundation at 10 m grid resolution on southeast Upolu Island, Samoa, each with a different rupture 
configuration, along with digital representations of 2019 buildings to estimate district and village level tsunami 
building exposure for each scenario. Results show considerable variability in the distribution of tsunami building 
exposure between individual scenarios at district and village levels. We discuss the implications of these 
observations on applying quantitative scenario-based tsunami impact and risk information in preparedness 
planning. Potential resolutions and research directions to help address identified challenges are offered within 
the context of tsunami hazard and risk reduction.  
 
Keywords: source faulting, tsunami hazard, inundation models, exposure distributions, risk assessment. 
 
1. Introduction 
It is widely accepted that tsunami hazard risk 
assessments provide vital information tools for 
identifying coastal areas susceptible to the impacts 
of tsunami inundation, and prioritizing locations 
where risk reduction interventions should be 
targeted [1, 4, 9, 14, 17, 18, 21, 24, 25]. While the 
use of hydrodynamic tsunami inundation models 
coupled with exposure information (e.g. people, 
buildings, infrastructure) and vulnerability 
relationships between inundation intensity and 
asset response, for example, have become 
standard requirements in quantitative hazard impact 
and risk analysis, there remains fundamental 
challenges in quantifying and communicating the 
analysis uncertainties, as well as the influence 
these can have on decision-support. 
 
The objective of this study is to demonstrate how 
different tsunami source models representing a 
single discrete event has on modelled inundation 
extent and depths, and subsequent influences on 
the exposure of elements at risk.  
 
To achieve this objective, we draw on the 2009 
South Pacific Tsunami (SPT) in Samoa (Figure 1), 
which provides a benchmark case in the central 
South Pacific region.  The 2009 SPT was perhaps 
the most disastrous tsunami to occur in Samoa 
during the preceding century and was formed by a 
Mw 8.1 earthquake rupture involving both outer-rise 
normal and interplate reverse faulting at the 

Northern Tonga Trench [3, 15]. At least 10 different 
source models were proposed for this event by 
various research groups [5], each representing the 
Mw 8.1 earthquake but with slightly different rupture 
configurations. These provided Bosserelle et al. 
(2020) [5] with an array of possible sources to test 
and model the resulting tsunami from initiation 
through to inundation, and to assess the variability 
of each source model on inundation behaviour 
around the Samoan islands. 

 

Figure 1  Location of the Samoa Islands. The boundary 
for the 2009 SPT inundation (10 m) models produced in 
[5] for southeast Upolu is shown. 1 = Lepa village; 2 = 
Saleapaga village, shown in Figure 2. 

 
Two-dimensional (2D) tsunami inundation models 
at 10 m grid resolution for southeast Upolu Island 
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[5], were validated against observed runup data 
collected through post-event field surveys [20]. 
Overall, while two source models produced the best 
modelled-to-observed matches for runup and 
inundation, the variability for different source 
scenarios was significant. Furthermore, an 
assessment of the influence which these different 
model representations have on the distribution of 
exposed elements at threat, and the implications 
this might have when applied to inform risk 
reduction planning and decision-making, has not 
been presented. 
 
In this paper, we apply ten scenarios of inundation 
extent and flow depth for the 2009 SPT produced by 
Bosserelle et al. (2020) [5], each representing a 
different source configuration, in combination with 
spatial data of 2019 buildings and socio-political 
boundaries, to estimate tsunami building exposure 
at the district and village levels in southeast Upolu. 
Emphasis is made on demonstrating the variability 
of exposure profiles between the different 
scenarios, and the challenges this might have in 
decision-support situations whereby only a single 
representation of a given tsunami scenario is 
available with limited or no observations data 
available for validation.  
 
2. Methods and Data 
The tsunami exposure analysis framework used in 
this study is described in three sections: 1) tsunami 
inundation scenarios representing the ‘hazard 
layers’; 2) buildings and socio-political boundaries 
data representing ‘exposure and area layers’; and 
3) the exposure analysis. 
 
2.1 Tsunami Hazard Scenarios 
Hydrodynamic models representing the range of 
potential realizations for the 2009 SPT inundation 
and runup in Southeast Upolu based on different 
source configurations were taken directly from 
Bosserelle et al. (2020) [5] (Table 1, Figure 2). 
These authors configured the BG-Flood software 
(Block-adaptive on Graphics Processing Unit of 
Flood model) with a nested-grid scheme to simulate 
the range of proposed source rupture configurations 
for the 2009 SPT and the resulting tsunami 
initiation, propagation, and inundation in southeast 
Upolu at 10 m grid resolution. The digital elevation 
model (DEM) used in the inundation modelling was 
derived using LiDAR (Light Detection and Ranging) 
topography and nearshore bathymetry at 5 m grid 
resolution [10]. 
 
Ten of the simulated source scenarios are applied 
in this study (Table 1). The main differences 
between each scenario included slight variations in 
rupture initiation, rise time and geometry. For the 10 
m inundation grid, a spatially variable bottom 
roughness was used. That is, a high roughness 
length (z0 = 0.01 m) was used in areas higher than 

15 m below mean sea level (MSL), which included 
coral reefs, onshore vegetation and built features. 
For areas lower than 15 m below MSL, a low 
roughness length (z0 = 0.0001 m) was used.  
 

Table 1   Tsunamigenic source scenarios for the 2009 
SPT applied in this study. 

Scenario Description 

A Source parameters originally presented 
by Beavan et al. (2010) [3] and applied 
in the 2009 SPT inundation modelling 
presented in [5].  

B Source parameters originally presented 
by Duputel et al. (2012) [7] and applied 
in the 2009 SPT inundation modelling 
presented in [5]. 

C Source parameters originally presented 
by Fan et al. (2016) [8] and applied in the 
2009 SPT inundation modelling 
presented in [5]. 

D1 Source parameters originally presented 
by Hossen et al. (2017) [13] and applied 
in the 2009 SPT inundation modelling 
presented in [5]. 

E Source parameters originally presented 
by Lay et al. (2011) [15] and applied as 
Version A in the 2009 SPT inundation 
modelling presented in [5]. 

F Source parameters originally presented 
by Lay et al. (2010) [15] and applied as 
Version C in the 2009 SPT inundation 
modelling presented in [5]. 

G1 Source parameters originally presented 
by Lay et al. (2010) [15] and applied as 
Version E in the 2009 SPT inundation 
modelling presented in [5]. 

H Source parameters originally presented 
by Li et al. (2009) [16] and applied in the 
2009 SPT inundation modelling 
presented in [5]. 

I Source parameters originally presented 
by Nealy and Hayes (2015) [19] and 
applied as Version F in the 2009 SPT 
inundation modelling presented in [5]. 

J Source parameters originally presented 
by Nealy et al. (2015) [19] and applied in 
as Version U in the 2009 SPT inundation 
modelling presented in [5]. 

1  These sources were suggested by Bosserelle et al. 
(2020) [5] to have produced the closest modelled-to-
observed matches with runup observations. 

 
Modelled inundation extent and depth in southeast 
Upolu for each scenario were validated using 
observations of runup presented by Okal et al. 
(2010) [20] and provided the ‘hazard layers’ used for 
the exposure analysis in this study. While 
Bosserelle et al. (2020) [5] showed that scenarios D 
and G (Table 1), on balance, produced the closest 
modelled-to-observed matches in runup, the intent 
in this current study is to show how these different 
model representations of the same event have 
significantly different representations of hazard risk 
exposure, and the challenges these pose to tsunami  
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Figure 2  Examples of the variations in inundation extent 
and depth for the different source scenarios A to J applied 
in this study. 
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prevention and emergency planning especially in 
cases involving the modelling or forecasting of 
future events.    
 
2.2 Buildings and Socio-political Boundaries 
We used digital building outlines compiled by Paulik 
et al. (2021) [22] and Williams et al. (2021) [25] for 
southeast Upolu, as the asset exposure layer used 
in the exposure analysis. This dataset was compiled 
using a combination of 2020 Open Street Map 
(OSM) building outlines for Upolu, and remotely 
digitized building outlines in GIS software using 
2019 Google Satellite base imagery. Building 
location and use attributes are reported in the 
examples presented in this study. Buildings were 
also attributed with district and village boundary 
polygons available through the Samoan Ministry of 
Natural Resources and Environment (MNRE), 
enabling enumeration of tsunami buildings 
exposure at the district and village levels. 
 
2.3 Exposure Analysis  
The tsunami hazard and building outlines layers 
described above were combined in the RiskScape 
software [23] using a simple depth-exposure 
relationship to enumerate tsunami exposed 
buildings in each district and village [25]. The 
exposure analysis workflow applied in RiskScape is 
shown in Figure 3. Building outlines that intersected 
with grid cells representing flow depths >0 m were 
classed as ‘exposed’. Because the emphasis in this 
study was to demonstrate the effects of different 
rupture source representations for a discrete event 
on modelled inundation and exposure metrics, 
tsunami exposed buildings enumerated at the 
district and village levels are presented in Section 3 
for scenario comparison. 
  

 

Figure 3  Simplified illustration of the RiskScape 
analysis framework components applied in this study.  

 
3. Results  
The results are described in two sections that 
highlight: 1) the variations in tsunami building 
exposure between the different scenarios at the 

district and village levels; and 2) the variations in the 
building use exposure distributions between the 
different scenarios. 
 
3.1 District and village tsunami building 

exposure distributions 
District level tsunami exposed building distributions 
are shown in Figure 4. A significant range in 
exposed buildings is observed between the ten 
scenarios, with Scenario G exposing the most 
buildings (i.e. 1,220) and Scenario A exposing the 
least (i.e. 43). In Lotofaga (Figure 4), half of the 
scenarios (i.e. A, B, C, F and H), only expose one 
building each. While some scenarios produce 
comparable building exposure (e.g. scenarios G 
and I), the exposure range between districts can 
vary by up to 331 within an individual scenario (e.g. 
scenario F - Aleipata Itupa I Lalo and Lotofaga). 
 

 

Figure 4 Distribution of tsunami exposed buildings for 
each scenario at the district level. 

 
At the village level (Figure 5), considerable tsunami 
building exposure variations are also observed 
between each scenario. For example, Amaile 
village located in the Aleipata Itupa I Lalo district 
showed exposed buildings in Scenario G only, 
whereas in Vavau village (Lotofaga district) 
buildings are only exposed in scenarios D, G, I and 
J. All 33 villages shown in Figure 5 have some 
buildings that are exposed to tsunami inundation in 
scenario G, compared with only 7 villages in 
scenario A. 
 
3.2 Building use type exposure distributions 
Figure 6 shows the distribution of tsunami exposed 
buildings by use type for all ten scenarios. Most 
scenarios show a relatively higher exposure of 
buildings classed as ‘residential’ and ‘outbuilding’. 
Scenario A is an exception, with hotel buildings 
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most highly exposed. Some building use types are 
not exposed to tsunami in a few scenarios. For 
example, scenario A does not expose any 
‘commercial’, ‘community’, ‘education’ or ‘religious’ 
buildings. 
 

 

Figure 5    Variations in the distribution of tsunami 
exposed buildings between each scenario at the village 
level. 

 

 

Figure 6 Tsunami exposed buildings by use type in 
Southeast Upolu. Blank cells indicate no tsunami 
exposure. 

 
4. Discussion  
The variability in tsunami building exposure 
distributions in southeast Upolu districts and 

villages are explained by the variable inundation 
extents simulated for each 2009 SPT source model 
representation. The source models represent the 
different ways in which the 2009 earthquake rupture 
might have occurred. While they were consistent in 
terms of earthquake magnitude and epicentre, the 
slight variations in rupture rise time and geometry 
resulted in different tsunami initiation, propagation 
and inundation characteristics for each scenario. 
 
While observations of the 2009 SPT were available 
to validate this hindcast (or back-modelling) case 
[5], the results pose questions and challenges 
surrounding the forward-modelling (or forecasting) 
of future tsunami inundation events using a single 
representation for a given source. In such cases, 
the absence of observed inundation or runup to 
validate the models (because the event has not yet 
occurred), typically results in their use for tsunami 
risk management with limited appreciation of the 
range of potential inundation realizations which 
could manifest from a single event source. Such 
circumstances would pose significant challenges to 
resilience planning, particularly in terms of 
identifying the locations of exposed and vulnerable 
communities, and how resources are prioritized in 
relation to tsunami risk mitigation interventions, 
education, land development, and contingency 
emergency response resources during disaster 
‘peace-time’ preparedness planning. 
 
Within scenario-based emergency management 
and land use planning contexts, the implications of 
these results suggest consideration should be given 
to the multitude of ways in which a tsunami can be 
generated from a single event source in forward-
modelling (or forecasting) applications of future 
events; or in the simulation of historical (hindcast) 
events with little or no available validation data. 
Uncertainties in the representativeness of an 
inundation model for a given scenario can be 
minimized through the application of probabilistic 
precomputed, meta-modelling and artificial 
intelligence-based data training methods (e.g. [2, 
11, 12, 18]), involving the simulation of a wide range 
of tsunamigenic rupture configurations and 
inundation possibilities for a given source region, 
and across multiple potential source regions (e.g. 
[6]). Development of such a tsunami inundation 
database can enable the estimation of the range of 
possible exposure and/or impact realizations for a 
given hazard scenario when coupled with exposure 
datasets using risk modelling tools. 
 
5. Conclusion 
This study has demonstrated the influence of 
modelled tsunamigenesis for a given event on 
inundation and exposure distributions. We applied 
ten inundation model representations of the 2009 
SPT in southeast Upolu, Samoa, each with slight 
variations in the source rupture rise time and 
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geometry, along with digital building outlines to 
demonstrate the range of tsunami building exposure 
variability which can be realized for a given tsunami. 
Considerable exposure variability is observed at the 
district and village levels between the ten scenarios 
due to the modelled inundation extents 
corresponding to each different source model. 
These observations highlight the decision-support 
challenges when applying such scenario-based 
information in disaster risk management activities 
associated with modelling or forecasting of future 
tsunami events. The findings suggest that 
consideration should be given to the range of 
potential configurations in which tsunami inundation 
can be generated from a single event source in 
future resilience planning; particularly in relation to 
the forward-modelling or forecasting of future 
events, or in hindcast simulations of historical 
events whereby little or no validation data is 
available. 
 
6. Acknowledgements  
This research was supported by the New Zealand 
National Institute of Water and Atmospheric 
Research (NIWA) Taihoro Nukurangi Resilience to 
Hazards Programme, Strategic Science Investment 
Fund Project No. CARH2106, in partnership with 
the Disaster Management Office of the Samoa 
Ministry of Natural Resources and Environment.  
 
7. References  
[1] Aguirre-Ayerbe, I., Sánchez, J.M., Aniel-Quiroga, Í., 
González-Riancho, P., Merino, M., Al-Yahyai, S., 
González, M. and Medina, R. (2018). From tsunami risk 
assessment to disaster risk reduction—The case of 
Oman. Nat. Hazards Earth Syst. Sci., 18, pp. 2241–2260. 

[2] Bacchi, V., Jomard, H., Scotti, O., Antoshchenkova, E., 
Bardet, L., Duluc, C-M. and Hebert, H. (2020). Using 
Meta-Models for Tsunami Hazard Analysis: An Example 
of Application for the French Atlantic Coast. Frontiers in 
Earth Science, 8, 41. 

[3] Beavan, J., Wang, X., Holden, C., Wilson, K., Power, 
W., Prasetya, G., et al. (2010). Near-simultaneous great 
earthquakes at Tongan megathrust and outer rise in 
September 2009. Nature, 466, pp. 959–963. 

[4] Behrens, J., Løvholt, F., Jalayer, F., Lorito, S., 
Salgado-Gálvez, M.A., Sørensen, M., Abadie, S., Aguirre-
Ayerbe, I., Aniel-Quiroga, I., Babeyko, A., et al. (2021). 
Probabilistic Tsunami Hazard and Risk Analysis: A 
Review of Research Gaps. Frontiers in Earth Science, 9, 
628772.  

[5] Bosserelle, C., Williams, S., Cheung, K.F., Lay, T., 
Yamazaki, Y., Simi, T., Roeber, V., Lane, E., Paulik, R. 
and Simanu, L. (2020). Effects of Source Faulting and 
Fringing Reefs on the 2009 South Pacific Tsunami 
Inundation in Southeast Upolu, Samoa. Journal of 
Geophysical Research: Oceans, 125, e2020JC016537. 

[6] Davies, G. (2019). Tsunami variability from 
uncalibrated stochastic earthquake models: Tests against 
deep ocean observations 2006-2016. Geophysical 
Journal International, 218, pp. 1939–1960. 

[7] Duputel, Z., Kanamori, H., Tsai, V. C., Rivera, L., 
Meng, L., Ampuero, J.-P., et al. (2012). The 2012 
Sumatra great earthquake sequence. Earth and 
Planetary Science Letters, 351–352, pp. 247–257. 

[8] Fan, W., Shearer, P. M., Ji, C. and Bassett, D. (2016). 
Multiple branching rupture of the 2009 Tonga-Samoa 
earthquake. Journal of Geophysical Research: Solid 
Earth, 121, pp. 5809–5827. 

[9] Finzi, Y., Ganz, N., Limon, Y. and Langer S. (2021). 
Improving Community Resilience and Emergency Plans 
by Mapping Risk and Preparedness at the Neighborhood 
Scale. GeoHazards. 2, pp. 120-136.  

[10] FUGRO. (2015). Report of Survey: Airborne Lidar 
Bathymetric and Topographic Survey of Samoa 2015, 
Contract: ECRCR-LIB 2.1, Fugro LADS Document 
Reference No: TLCS00.047.008; Issue No: 1.00; Fugro 
LADS Corporation Pty Ltd.: Adelaide, Australia, 2015. 

[11] Gibbons S.J., Lorito S., Macías J., Løvholt F., Selva 
J., Volpe M., Sánchez-Linares C., Babeyko A., Brizuela 
B., Cirella A., Castro M.J., et al. (2020). Probabilistic 
Tsunami Hazard Analysis: High Performance Computing 
for Massive Scale Inundation Simulations. Frontiers in 
Earth Science, 8, 591549.  

[12] Giles, D., Gopinathan D., Guillas S. and Dias F. 
(2021). Faster Than Real Time Tsunami Warning with 
Associated Hazard Uncertainties. Frontiers in Earth 
Science, 8, 597865. 

[13] Hossen, M.J., Gusman, A.R., Satake, K.  and 
Cummins, P.R. (2017). An adjoint sensitivity method 
applied to time reverse imaging of tsunami source for the 
2009 Samoa earthquake. Geophysical Research Letters, 
45, pp. 627–636. 

[14] Imamura, F., Boret S.P., Suppasri, A. and Muhari, A. 
(2019). Recent occurrences of serious tsunami damage 
and the future challenges of tsunami disaster risk 
reduction. Prog. Disaster Sci., 1, 100009. 

[15] Lay, T., Ammon, C.J., Kanamori, H., Rivera, L. and 
Koper, K.D. (2010). The 2009 Samoa-Tonga great 
earthquake triggered doublet. Nature, 466, pp. 964–968. 

[16] Li, X., Shao, G. and Ji, C. (2009). Rupture process of 
Mw 8.1 Samoa earthquake constrained by joint inverting 
teleseismic body, surface waves and local strong motion. 
EOS Transactions, 90(53), U21D-03 

[17] Maly, E. and Suppasri, A. (2020). The Sendai 
Framework for Disaster Risk Reduction at Five: Lessons 
from the 2011 Great East Japan Earthquake and 
Tsunami. Int. J. Disaster Risk Sci., 11, pp. 167–178. 

[18] Marras, S. and Mandli, K. (2020). Modeling and 
Simulation of Tsunami Impact: A Short Review of Recent 
Advances and Future Challenges. Geosciences 2020, 11, 
5. 

[19] Nealy, J.L. and Hayes, G.P. (2015). Double point 
source W-phase inversion: Real-time implementation and 
automated model selection. Physics of the Earth and 
Planetary Interiors, 249, pp. 68–81. 

[20] Okal, E.A., Fritz, H.M., Synolakis, C.E., Borrero, J.C., 
Weiss, R., Lynett, P.J., et al. (2010). Field survey of the 
Samoa tsunami of 29 September 2009. Seismological 
Research Letters, 81, pp. 577–591. 

1012



Australasian Coasts & Ports 2021 Conference – Christchurch, 7-10 September 2021 
Impact of modelled tsunamigenesis on inundation and risk exposure: observations of the 2009 tsunami in Samoa 
Shaun Williams, Rebecca Weaving, Cyprien Bosserelle, Ryan Paulik, Josephina Chan Ting, Kieron Wall, Titimanu Simi  

 

Sensitivity: General 

[21] Paulik, R., Craig, H. and Popovich, B. (2020). A 
National-Scale Assessment of Population and Built-
Environment Exposure in Tsunami Evacuation Zones. 
Geosciences, 10, 291. 

[22] Paulik, R., Williams, S., Simi, T., Bosserelle, C., Ting, 
J.C. and Simanu, L. (2021). Evaluating building exposure 
and economic loss changes after the 2009 South Pacific 
Tsunami. Int. J. Disaster Risk Reduct., 56, 102131. 

[23] Schmidt, J., Matcham, I., Reese, S., King, A., Bell, R., 
Henderson, R., Smart, G., Cousins, J., Smith, W. and 
Heron, D. (2011). Quantitative multi-risk analysis for 
natural hazards: A framework for multi-risk modelling. 
Nat. Hazards, 58, pp. 1169–1192. 

[24] Tonini R., Di Manna P., Lorito S., Selva J., Volpe M., 
Romano F., Basili, R., Brizuela B., Castro M.J., de la 
Asunción M., et al. (2021). Testing Tsunami Inundation 
Maps for Evacuation Planning in Italy. Frontiers in Earth 
Science, 8, 628061.   

[25] Williams, S., Paulik, R., Weaving, R., Bosserelle, C., 
Chan Ting, J., Wall, K., Simi, T. and Scheele F. (2021). 
Multiscale Quantification of Tsunami Hazard Exposure in 
a Pacific Small Island Developing State: The Case of 
Samoa. GeoHazards, 2, pp. 63-79. 

1013



Australasian Coasts & Ports 2021 Conference – Christchurch, 30 November – 3 December 2021 
Experimental observation on wave and profile changes in a sandbar-lagoon system by submerged vegetation on the sandbar slope 
Cong Xin, Kuang Cuiping, Liu Huixin, Zhu Lei and Shen Chao 
 

Experimental observation on wave and profile changes in a sandbar-
lagoon system by submerged vegetation on the sandbar slope 

 
Cong Xin1, Kuang Cuiping1*, Liu Huixin2, Zhu Lei2 and Shen Chao1 

1 Tongji University, Shanghai, China; *cpkuang@tongji.edu.cn; congxin1992@foxmail.com 
2 The Eighth Geological Brigade of Hebei Geological Prospecting Bureau, Qinhuangdao, China 

 
 
Abstract 
Affected by human activities and climate changes, the ecological environment of sandbar-lagoon coast 
deteriorates, and the ecological restoration is paid more and more attention by people. Coastal vegetation can 
not only attenuate wave action, but also promote biodiversity, which is future direction of ecological restoration. 
In this study, wave attenuation characteristics of a sandbar-lagoon system to submerged vegetation, modelled 
by fibre optic and plexiglass tubes, located on the seaward slope of sandbar were studied by physical 
experiments. Six cases were designed and conducted in a 50 m × 0.8 m × 1.2 m wave flume under 3 irregular 
JOSWAP spectra with wave heights of 0.06m, 0.10m, 0.13m, and the water level/depth of 0.48m. The 
submerged vegetation occupied 2/3 of length of sandbar seaward slope from the sandbar crest, with a density 
of 2500 unit/m2. In general, the main conclusions obtained from measurements can be summarized as 
following: (1) Water level increases slightly after the wave passes sandbar. (2) Submerged vegetation not only 
can attenuate the wave height behind the sandbar, but also have an inhibitory effect on the wave height in surf 
zone. (3) Wave dissipation is enhanced with the presence of submerged vegetation in the same incident wave 
height. (4) Less erosion of coastal dune profile occurs due to wave attenuation by the submerged vegetation 
on the sandbar. 
 
Keywords: wave attenuation, sandbar-lagoon, submerged vegetation, dune erosion. 
 
1. Introduction 
Coastal areas create an estimated average value of 
more than 12 trillion dollars of ecosystem services 
every year [1]. Sandbar-lagoon systems which 
perform complex social-ecological functions are one 
of the most threatened ecosystems and they are 
becoming increasingly vulnerable due to climate 
changes and anthropogenic pressures [2-4]. 
Because coastal vegetation provides shoreline 
protection of great significance, including wave 
attenuation, and sediment retaining [5], its 
protection and restoration are receiving continuous 
attention. 
 
Vegetation-wave interactions play a significant role 
in wave dissipation, sediment deposition and 
shoreline erosion. Using mimics, Anderson and 
Smith [6] analysed the importance of stem density 
and the ratio of stem length to water depth on wave 
attenuation. Lei and Nepf [7] proposed a concept of 
effective blade length to depict the influence of 
plants on wave decay and connected individual 
blade dynamics to the meadow scale. For live 
plants, Maza, et al. [8] concluded that higher density 
and biomass values lead to greater wave 
attenuation. Experiments conducted by Rupprecht, 
et al. [9] showed that plant flexibility and height, 
wave condition and water depth play the most 
important role in determining how salt marsh 
vegetation interacts with waves. Considering the 
role of current, Wang, et al. [10] found that plants 
can reduce the velocity in the vegetation region and 
increase the turbulence intensity below the top of 
the canopy. 
 

Based on four storm impact regimes (swash, 
collision, overwash and inundation) proposed by 
Sallenger [11], many studies on dune erosion and 
stabilization influenced by vegetation were 
conducted including Silva, et al. [12], Bryant, et al. 
[13] and Odériz, et al. [14]. On the whole, vegetation 
always reduce the net erosion of dunes under 
different storms, profiles and erosion modes [12], 
and it plays a better role in the initial swash and 
collision regimes [14]. Considering vegetation 
structure, both aboveground (stems) and 
belowground (roots) biomass were simulated [13]. 
And it was presented that the combination is the 
most effective at reducing erosion followed by 
belowground biomass, with aboveground biomass 
providing the smallest benefit. 
 
On the whole, the detailed discussion is still lacking 
among different hydrodynamic conditions, profile 
forms and vegetation characteristics. In this paper, 
based on the man-made sandbar-lagoon system 
whose profile is extremely scarce in previous 
studies, wave attenuation and profile variation 
influenced by submerged aquatic plants on the 
sandbar fore-slope were studied by wave flume 
experiments. 
 
2. Methods 
Compared with field observation, the physical 
experiment is controllable, including hydrodynamic 
conditions, vegetation layout and other factors. The 
results of physical experiment are also helpful to the 
calibration of related parameters in numerical 
simulation. The movable bed experiments were 
carried out in a 50 m × 0.8 m × 1.2 m wave flume 
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located at the Laboratory of Hydraulic and Harbor 
Engineering, Tongji University. The sandbar crest is 
1 m long with 0.48 m high, and all slopes were set 
as 1:2. Wave data were measured by 7 capacitive 
wave height gauges (W1~W7) and 4 acoustic wave 
height gauges (Wa~Wd). Three single lens reflex 
(SLR) cameras were deployed to record the whole 
experimentation. The experimental layout is shown 
in Figure 1a. 
 
The scale of this experiment was determined to be 
1:10, and the method is consistent with Ma, et al. 
[15]. JONSWAP spectra were adopted to generate 
irregular incident waves, and the water level/depth 
was considered with 0.48 m. Six cases were 
designed and implemented considering the contrast 
between the presence and absence of vegetation 
(as shown in Table 1). The sandbar-lagoon-dune 
system was made of resin sand whose median 
particle size is 0.15 - 0.18mm with density ranging 
from 1.40 to 1.45 g/cm3, which is corresponded with 
about 0.11mm of prototype median particle size.  
 

The mimic of submerged plant was made of 
plexiglass tube and optical fibre. The mimic was 
generalized and designed as 0.5 mm in diameter 
and 5 cm in length of optical fibre, and 8 of them 
were fixed in the plexiglass tube as one plant, which 
is based on eelgrass with the prototype leaf length 
of 50cm and width of 5mm. It was arranged in the 
seaward slope with 0.68 m horizontal distance from 
the bar crest, with a density of 2500 units/m2 and 
square arrangement with spacing of 2cm for each 
plant (Figure 1b).  
 
Table 1   Physical experimental cases 

Case name 
Incident 
wave height 
(m) 

Wave 
period (s) 

Without 
vegetation 

With 
vegetation Model Proto Model Proto 

C1 CV1 0.06 0.60 1.33 4.20 

C2 CV2 0.10 1.00 1.61 5.10 

C3 CV3 0.13 1.30 1.68 5.30 

 

 
 

 

 
All the data processing processes in this study were 
based on MATLAB. Spectra analysis using 
standardize time series data was adopted to 
calculate the significant wave height (SWH) H1/3. 
First, the fast Fourier transform (FFT) method was 
used to obtain the wave spectrum, and then zero-
order moment M0 to the origin of wave spectrum 
was chosen to obtain SWH H1/3 = 4m01/2. The wave 
reflection coefficient was calculated using the 
method proposed by Goda and Suzuki [16], and 
incident wave height Hi and reflected wave height Hr 
were separated according to the data at W2 and W3. 
Transmitted wave height (Ht) was measured at W5. 
Transmission coefficient (Kt) was obtained by Kt = 
Ht/Hi. Dissipation coefficient (Kl) representing the 
energy dissipation loss was calculated by Kr2 + Kt2 + 
Kl2 = 1 according to the law of energy conservation 
[17]. 
 
Profile data was obtained by image pixel analysis. 
First, profile morphology pictures corresponding to 

the characteristic moments (the sample numbers of 
8192 and the frequency of 50Hz) in the video were 
intercepted and corrected. Then, every profile 
morphology picture was marked with red single 
pixel points, and pixel coordinates of the red marked 
points were extracted with MATLAB. Finally, the 
pixel coordinates were converted into actual 
coordinate system through calibration. 
 
3. Results and Discussions  
 
3.1 Wave propagation characteristics  
The water level rises slightly after wave passes 
sandbar from time series data of water surface 
elevation. Taking the positions of W3, Wc, W6 and 
Wd as characteristic data points, the changes of 
average water surface elevation relative to the initial 
water surface elevation are shown in Table 2. The 
overall change values are less than 3.40 cm. In the 
same case, the maximum change value is mostly at 
W6. 

(a) 

(b) 
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Table 2   Changes of average water surface elevation 

Case name 
Change values (cm) 
W3 Wc W6 Wd 

C1 0.19 1.42 2.78 2.44 
C2 0.10 1.29 1.13 1.78 
C3 0.50 2.29 3.40 2.62 
CV1 0.01 1.15 1.27 1.41 
CV2 -0.01 1.35 2.45 1.83 
CV3 0.06 1.56 2.65 2.20 

 
The SWHs were calculated according to zero-order 
moment obtained by wave spectra, as shown in 
Figure 2. With the absence of vegetation, the SWH 
increases when wave propagates to the seaward 
slope of sandbar. Then, wave break occurs when it 
passes through the sandbar crest, so the SWH 
decreases. Finally, it increases slightly in the 
foredune. In the presence of vegetation (Figure 2b), 
the wave propagation process is similar to that 
without vegetation. However, when the wave 
passes through the seaward slope of sandbar, the 
increase amplitude of SWH decreases, and the 
decrease percentages at Wa from CV1 to CV3 are 
6.00%、4.79% and 9.34% respectively. Based on 
the SWH at W5, the contribution percentages of 
vegetation to wave attenuation from CV1 to CV3 are 
68.17%, 14.29% and 20.33% respectively, which 
are all much higher than the decrease percentage 
at Wa. The reason of the maximum percentage in 
CV1 may be a period of deposition on the lagoon-
side sandbar crest due to vegetation-induced 
sediment suspension and high dissipation (Table 3). 
It can be seen that submerged plants on the 
seaward slope of sandbar not only can reduce the 
SWH behind sandbar, but also have an inhibitory 
effect on the SWH in surf zone. 
 
In order to further analyse the characteristics of 
wave energy transformation in the presence of 
vegetation, wave reflection, transmission and 
dissipation coefficients were calculated, as shown in 
Table 3. In general, reflection coefficient Kr < 
transmission coefficient Kt < dissipation coefficient 
Kl. As SWH increases, the reflection and 
transmission coefficients increase, while the 
dissipation coefficient decreases. In the same SWH 
condition, the reflection and transmission 
coefficients decrease, while the dissipation 
coefficient increases with the presence of 
vegetation. The increasing percentages of 
dissipation coefficient from CV1 to CV3 are 2.21%,  
2.03% and 7.44% respectively. 
 
3.2 Profile variation characteristics  
Based on the image of characteristic moments in 
each case, every profile shape and their changes 
were extracted, as shown in Figure 3 and Figure 4 
respectively. The most severe erosion area of 

sandbar is sea-side bar crest, and the dune erosion 
area forms a scarp. Both the erosion depth (sandbar 
crest and dune scarp) and the deposition thickness 
(slope toe) increase with the increasing SWH. When 
submerged vegetation was arranged on the 
seaward slope of sandbar (Figure 4), the amplitude 
of erosion and deposition decreases. Quantitative 
description of the maximum erosion depth (ED) and 
deposition thickness (DT) at sandbar and dune 
under different cases is shown in Table 4, which is 
basically consistent with the description in Figure 3 
and Figure 4. Dune erosion has been a topic of 
considerable concern in recent years. According to 
Table 4, the erosion reduction percentages under 
the influence of vegetation from CV1 to CV3 are 
23.00%, 41.84% and 10.97% respectively. It can be 
seen that when the SWH is 0.10 m, the dune 
protection efficiency of submerged vegetation is the 
highest. 
 
Table 3   Wave reflection, transmission, and dissipation 
coefficients 

Case name Kr Kt Kl 
C1 0.16 0.19 0.97 

C2 0.20 0.33 0.92 

C3 0.28 0.46 0.84 

CV1 0.13 0.06 0.99 

CV2 0.18 0.29 0.94 

CV3 0.22 0.36 0.91 
 

 
 

 
 
Figure 2   Variations of significant wave height. (a) 
Without vegetation; (b) With vegetation 
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Figure 3   Change of sandbar and dune profiles without vegetation. (a) Sea-side sandbar profiles and (b) their changes; 
(c) Lagoon-side sandbar profiles and (d) their changes; (e) Dune profiles and (f) their changes 
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Figure 4   Change of sandbar and dune profiles with vegetation. (a) Sea-side sandbar profiles and (b) their changes; (c) 
Lagoon-side sandbar profiles and (d) their changes; (e) Dune profiles and (f) their changes 
 
Table 4   Maximum DT and ED 

Case 
name 

Max. DT (cm) Max. ED (cm) 
Sandbar Dune Sandbar Dune 

C1 3.98 1.88 6.38 2.53 
C2 6.76 2.38 10.42 10.32 
C3 5.36 7.20 13.69 14.80 
CV1 2.96 0.92 7.00 1.95 
CV2 7.01 2.02 9.49 6.00 
CV3 6.60 5.49 12.60 13.18 

 
4. Conclusions  
Based upon our investigations, it appears that 
vegetation plays an important role in coastal 
protection, which may provide scientific guidance 
for ecological restoration engineering. The main 
conclusions are as follows. 
 
Water level increasing occurs in the lagoon after 
wave passes sandbar. Vegetation can inhibit the 
SWH in surf zone where the maximum reduction 
percentage reaches 9.34%. Vegetation contribution 
percentage to wave attenuation is up to 68.17%, 
and they are higher than the reduction percentages 
of SWH in surf zone. So, submerged plants on the 
seaward slope of sandbar not only can attenuate 
the SWH behind sandbar, but also have an 
inhibitory effect on the SWH in surf zone. Kr is the 
smallest while Kl is the greatest among Kr, Kt and Kl. 
Kr and Kt increases with the increasing SWH while 
Kl is decreased. Submerged vegetation can reduce 
Kr and Kt while it enhances wave dissipation. The 
coastal dune profile has less erosion due to wave 
attenuation by submerged vegetation on the 
sandbar, and the maximum erosion reduction 
percentage reaches 41.84% with the incident wave 
height of 0.10m. 
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Abstract 
Following the 2010-2011 Canterbury Earthquake Sequence (CES) large cruise vessels were unable to berth 
at Lyttelton Port.  In 2016 the Lyttelton Port Company (LPC) undertook a Multi Criteria Analysis (MCA) 
evaluation of seven locations considering operational matters, technical complexity and other constraints.  The 
outcome was to develop a new cruise berth west of Cashin Quay adjoining the south of the Eastern Mole.   
 
The chosen location was geotechnically complex.  The Eastern Mole, which was reclaimed with quarried rock 
pushed into bay’s Recent Marine Sediment (RMS) over 100 years ago, suffered over 1m of movement during 
the CES.  The RMS, where most of the movement was inferred to occur, comprises 45m of poorly consolidated, 
low strength, loess derived silt.   
 
The cruise berth project comprised; filling and reprofiling of the Eastern Mole, dredging and the placement of 
scour protection, construction of a pile supported 148m long by 10m wide suspended deck with two access 
bridges and two landside mooring structures.  Enabling works were required to restrict ground movement to 
allowable levels and a defined construction sequence was developed with Early Contractor Involvement (ECI) 
to integrate the dredging, piling, slope protection and wharf construction safely and efficiently.   
 
This paper presents aspects of the geotechnical assessment and how this influenced the design and 
construction of the berth.  This includes a summary of; the predicted ground movements and how they 
compared with the actual movements monitored during construction, measures taken to mitigate the risks 
where excessive movements occurred and how the deep pile capacities were demonstrated through driving 
records and dynamic testing.    
 
Through an in-depth design process, with constructability inputs from the ECI contractor, the risks associated 
with the ground conditions were able to be addressed and the new cruise berth successfully completed. 
 
Keywords: earthquake, geotechnical, ground movement, piling, constructability. 
 
1. Introduction 
 
1.1 Background 
 
Following LPC’s decision in 2016 to locate a new 
cruise berth on the south side of the Eastern Mole a 
team comprising; LPC (Owner), Beca (Designer), 
HEB (ECI Contractor) and WT Partnership (Cost 
Manager) was assembled to deliver the project.  
Delivery entailed taking the concept design, which 
had considered berthing layouts but no quantitative 
engineering assessment and developing it into a 
detailed design followed by the subsequent 
construction of the facility.   Two key challenges 
drove the delivery approach; i) restricted access 
within an operational port and ii) poor ground 
conditions characterised by a considerable 
thickness of soft, compressible recent sediments.  
Constructability was a major consideration in 
addressing these two challenges and became 
integral to the whole design approach.  
 
This paper presents a summary of the geotechnical 
constraints, how they influenced the construction 
approach, what measures were put in place to 
control the ground risks and how the conditions 

were managed, allowing the facility to be 
successfully completed in 2020. 
 
1.2 Site Description 
 
Lyttelton is located approximately 12km over the 
Port Hills from Christchurch in the north-west of 
Banks Peninsula on the coast of Canterbury in the 
South Island of New Zealand.  Lyttelton Harbour is 
called Te Whaka, or Te Whakaraupō, and Lyttelton 
Port is located on the north shore of the inlet.  The 
port has been developed since the 1800s with the 
inner harbour created by reclamation of the Eastern 
Mole around 1850.  The new cruise berth is located 
on the south side of the Eastern Mole with Z Berth 
situated to the north and Cashin Quay, which was 
constructed in the 1950s, to the west [1].   
 
Access to the Eastern Mole was constrained by the 
ongoing operation of trucks and rail to service the 
container terminal to the east and south, the timber 
yard to the north and the Port’s operations building 
to the north west.  This resulted in a narrow access 
route to the site, limited lay-down areas adjacent to 
the site and a linear construction corridor which 
restricted plant movements.  
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The location of the site and adjacent features, along 
with the constrained access route, are shown in 
Figure 1. 
 

 
Figure 1 Site Location and key features showing the 
location of the Eastern Mole and the constrained access 
 
2. Ground Conditions 
 
2.1 Geological Setting 
 
The Eastern Mole was originally constructed of 
boulders and stone quarried from the harbour's 
northern hillside.  As shown in Figure 2 the material, 
which was transported by horse and cart, was 
pushed into the bay ‘mud’, forming a ‘displacement 
wave’, with the resulting slope standing at its natural 
angle of repose [2].  The fill penetrated the natural 
sediments to form a 14m to 17m thick reclamation.  
 

  
Figure 2 Reclamation of Eastern Mole showing the 
materials and method used for the historical reclamation 
and the steep angle of repose of the Reclamation Fill 
 
The ‘mud’ comprises a continuous layer of fine, 
normally consolidated seabed sediment.  This 
Recent Marine Sediment (RMS) generally 
originates from loess soils, which are dominantly silt 
sized. Over geological time the loess has been 
washed off the hills surrounding the harbour and 
fallen out of suspension to gradually build up on the 
sea floor. Impersistent silt / sand / gravel layers are 
present within the RMS, which would have been 
deposited during periods of greater geological 
activity.   
 
Towards the base of the RMS is a more variable 
sequence of terrestrial sediments which were 

probably deposited by alluvial action when sea level 
was lower. These comprise interbedded silt, sand, 
gravel and cobbles and vary laterally, as well as 
vertically. At the base of the RMS, near the contact 
with bedrock, the sediments become more gravelly, 
likely associated with Fan Deposits. 
 
Underlying these terrestrial sediments are Lyttelton 
Volcanic Series sediments comprising a variable 
sequence of basalt, breccia and pyroclastic 
deposits in general overlying trachyte / dacite 
dominant horizons [3].  A schematic cross section is 
given in Figure 3. 

 
Figure 3 Ground conditions before construction at Section 
A-A’ (refer Figure 5) showing the interbedded clayey silt, 
silt, sand and occasional gravel, with a significant 
proportion being clayey silt and silt  
 
2.2 Earthquake Behaviour 
 
The level of the Eastern Mole fell by approximately 
1.5m as a result of the CES (Figure 4).  
 

 
Figure 4 The Eastern Mole and Z Berth following the 2010 
– 2011 CES showing the displacement of the 
Reclamation Fill and rotation of the Z Berth piles and 
damaged deck 
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Additionally, permanent horizontal wharf 
displacements of 500mm towards the outer harbour 
and displacements of 550mm towards the inner 
harbour were recorded on Z Berth, along with pile 
head damage and sea wall settlement [4]. 
 
2.3 Soil Model 
 
Ground investigation and laboratory data 
undertaken by the Norwegian Geotechnical Institute 
(NGI) in 1957 for Cashin Quay [5] showed good 
correlation with interpretation of recent exploratory 
boreholes and Cone Penetration Tests (CPTs) 
undertaken at the cruise berth. The recent 
exploratory holes identified loose to medium dense 
dominantly granular Reclamation Fill (Unit 1) 
overlying normally consolidated RMS (Units 2 and 
3). The undrained shear strength of the silt in the 
RMS was a key parameter in the design and the 
testing consistently showed that it varied at a rate of 
0.22 times the principal effective stress.  This 
resulted in the RMS being stronger at depth and 
beneath the reclamation, where it had been 
surcharged, and weaker where it was normally 
consolidated in the harbour.  Additionally, an 
allowance for an increased undrained shear 
strength was modelled in a zone extending beyond 
the reclamation, where the filling had caused an 
increase in effective stress [6].   
 
At approximately -60mCD the coarse grained 
terrestrially derived debris / fan deposits were 
present in a dense to very dense state.   
 
A summary of the ground units is given in Table 1. 
Table 1   Ground Model Units 

Unit Top of layer 
(mCD) 

SPT N 
values 

Unit 1: sandy gravel with 
cobbles [Reclamation Fill] 4 7 – 28 

Unit 2a: clayey silt and silt 
[RMS] -3 to -15 No SPT 

available 
Unit 2b: clayey silt and silt 

[RMS] -20 to -25 5 – 17 

Unit 3a: Silt, sand and 
occasional gravel [RMS] -18 to -20 7 – 9 

Unit 3b: Silt, sand and 
occasional gravel [RMS] -25 to -28 4 – 33 

Unit 3c: Silt, sand and 
occasional gravel [RMS] -40 to -45 0 – 84 

Unit 4: alluvial silt, sand, 
gravel and cobbles [Debris/ 

Fan deposits] 
-60 22 – 120 

Unit 5: Basalt and pyroclastic 
material [Lyttelton Volcanic 

Group] 
-70 11 – 140 

 
 
 

3. Cruise Berth Permanent Works 
 
The new cruise berth structure consists of a cast in 
situ suspended deck slab supported on 914mm 
diameter piles, the piles being infilled with reinforced 
concrete over their upper extents.  The piles 
supporting the wharf are typically spaced at six 
metre centres transversely and nine metre centres 
longitudinally. The wharf incorporates two 
landspans of similar construction to the main deck.  
They are located at each end of the structure to 
provide access and a seismic lateral restraint 
system connecting the wharf to the Eastern Mole.  
The lateral restraint structures comprise a row of 
914mm diameter piles at 3.0m centres founded at -
11mCD within the Reclamation Fill, which tie the 
landspans to the Eastern Mole (Figure 5). 
  
Two landside mooring structures are required at the 
eastern and western ends of the wharf to support 
the mooring bollards and resist mooring loads. Each 
structure consists of two cast in situ reinforced 
concrete ground beams supported on two rows of 
914mm steel tubular piles with reinforced concrete 
infill driven to approximately -11mCD in the 
Reclamation Fill.  The two ground beams are tied 
together with steel tie bars to transfer loads from the 
southern (outer harbour) row of piles to the northern 
(inner harbour) row. 
 
Development of the Cruise Berth also required work 
to the Eastern Mole, including filling to raise the area 
to a general level of +4mCD.  At the centre of the 
wharf a revetment slope inclined at 2H:1V was 
formed by marine dredging, the inclination of the 
revetment decreasing to the east and west as the 
distance to the berth pocket increased.  Scour 
protection, in the form of rock bags at a lower 
elevation and rock armour above, was placed on the 
revetment. The main wharf piles were designed to 
be driven to a founding level between approximately 
-62.5m and -65m CD in the Debris / Fan deposits.  
They were designed to develop a limit state design 
load capacity of 5,500kN.   
 

 
Figure 5 – Plan of permanent works showing the main 
wharf deck, landspans and mooring structures situated 
within the poor ground of the Eastern Mole Reclamation 
Fill and underlying RMS 
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4. Constructability 
 
4.1 Constraints 
 
The ECI advice, which developed during the design 
period, was that it was preferable to construct the 
facility from land, progressively utilising the 
landspans and main wharf permanent works piles to 
construct the remaining works.  Even though access 
was limited to a narrow corridor and a small lay-
down area this was preferred to a marine based 
operation which had greater programme, health and 
safety and construction risks.  The limited lay-down 
area was mitigated, to a degree, by the main wharf 
piles being prefabricated in 36m long sections at a 
yard on Cyrus Williams Quay in the inner harbour. 
 
It was recognised that by adopting land-based 
construction critical temporary design cases would 
arise and that in certain instances these would 
govern the design.  Options including reconfiguring 
the facility to reduce the revetment slope or 
constructing structural enabling works were 
considered.  Making the revetment shallower would 
have resulted in the alignment of the main wharf 
being pushed southwards, further into the Outer 
Harbour, with the associated additional cost and 
impact on port operations.  Hence it was determined 
that structural enabling works were preferred 
accounting for the imposed construction loading 
and allowing for staging of the works.   
 
4.2 Enabling Works 
 
Enabling Works comprising crest works and mid-
slope piles were adopted to mitigate the risk of 
unacceptable ground movement.  Crest piles 
comprised closed ended tubular piles founded in the 
Reclamation Fill; 610mm diameter and typically 6m 
long on the Inner Harbour (northern) side and 
710mm diameter and 15m long on the Outer 
Harbour (southern) side, installed between the 
mooring structures and the land-spans.  Two in situ 
reinforced concrete capping beams connected the 
piles in each row longitudinally and the two capping 
beams were tied together by steel ties.  A plant 
construction mat of engineered aggregate and 
geofabric was constructed between the capping 
beams of the enabling works and mooring 
structures to allow access for construction plant. 
 
To reduce the risk of instability during dredging of 
the berth pocket, mid-slope piles extending the full 
length of the Main Berth, offset approximately 15m 
to 20m from the outer harbour crest were installed.  
These piles comprised open ended 810mm 
diameter tubes with their toes founded at -34mCD.  
In addition to the construction case the mid-slope 
piles were required to meet the static design 
requirements.   The layout of the enabling works 
piles is shown in Figure 6.   

 
4.3 Construction Sequence 
 
The crest works were installed from east to west to 
provide a progressive safe and stable area for the 
plant to operate from.  The construction sequence 
comprised: - 
 
• Stages 1 and 2 – install crest works 
• Stages 3 and 4 – install mid-slope piles and 

dredge upslope of these piles 
• Stages 5 and 6 – Dredge downslope of mid-

slope piles and install permanent wharf piles 
• Stages 7 and 8 – Construct scour protection  
• Stage 9 – Construct Main Wharf deck 
 
Stages 1 to 5 are shown schematically in Figure 6.   

 
Figure 6 Schematic Sections of construction staging 
showing the requirement to install enabling works piles at 
the crest to allow plant access and the mid-slope piles to 
maintain stability of the revetment. 
 
4.4 Predicted Ground Movement 
 
To provide an indication of the potential ground 
movements expected during construction a Plaxis 
model was developed through the steepest section 
of the revetment at Section A-A’ (Figure 7).  
Derivation of the soil stiffness properties included a 
back-analysis of their performance during the CES 
as well as interpretation of the NGI laboratory data, 
which served to increase the confidence in the 
predicted outputs.  The results of the modelling 
were translated into alert and action level 
movements which could then be monitored during 
construction to confirm the validity of the model and 
provide an early warning mechanism if excessive 
movements were observed [7].   

MID-SLOPE

a) Stages 1 to 2

b) Stages 3 to 5
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Figure 7 Section A-A showing the final permanent works 
configuration at the steepest section of the revetment. 
 
Alert and action levels were up to a net (the vector 
of horizontal and vertical) 75mm and 95mm 
respectively at the crest during Stage 5.  At the 
position of the mid-slope piles alert and action levels 
were up to 110mm and 140mm respectively on the 
revetment slope, decreasing to 5mm and 10mm at 
-34mCD (Figure 8).  
 

 
Figure 8 – Predicted Plaxis Displacement (in mm) after 
Dredging (Stage 5) indicating movements approaching 
160mm on the revetment slope 
 
5. Construction Monitoring 
 
5.1 Instrumentation 
 
Instrumentation was installed comprising: - 
 
• inclinometers at the crest and in selected mid-

slope piles 
• prisms seaward of the southern crest piles and 

on selected mid-slope piles 
• pins in the capping beams for the southern and 

northern crest piles 
 
Conventional survey techniques were used to 
monitor the prisms and pins. The monitoring 
frequency varied between daily (prisms and pins 
during Stage 5) to weekly (inclinometers during 
Stages 3 to 4 and 7 to 9).  A plan showing the 
location of the inclinometers adjacent to Section A – 
A’ and near the eastern landspan is given in Figure 
9. 

 

 
Figure 9 Instrumentation Location Plan showing the 
positions of the inclinometers relative to the structure 
 
5.2 Observed Displacements 
 
To demonstrate how the observed displacements 
compared to the modelled displacements, ground 
movements for inclinometers I-01 and I-10 have 
been selected.  Figure 10 shows the movement that 
occurred at the top of the inclinometers where the 
greatest amount of ground movement was 
predicted. 
 

  
Figure 10 – Displacements at the top of the inclinometers 
showing good correlation between the predicted and 
observed movements 
 
Figure 11 shows the cumulative ground movement 
that had occurred, with depth, during construction.  
For comparison inclinometer I-02, which was in a 
mid-slope pile adjacent to the eastern landspan, has 
been included. 
 

  
Figure 11 – Displacements down the length of the 
inclinometers showing predicted movements being 
similar to observed movements in the RMS, but less in the 
Reclamation Fill 
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Monitored ground movements at the crest of the 
revetment showed good correlation, within 80% of 
those predicted.  Generally, movements fell within 
or below the alert levels, however, on occasion 
these levels were exceeded, and the action levels 
triggered. 
 
Monitored movements with depth were less than 
those predicted, more so in the RMS, but also in the 
Reclamation Fill. The large displacements recorded 
in I-10 in the Reclamation Fill were attributed to the 
installation being struck during construction and 
some local instability when the crest works were 
constructed.  Inclinometer I-01 was installed in a 
mid-slope pile and it is thought that the stiffness of 
the pile will have resulted in lesser movement than 
that experienced in the adjacent ground.  
Inclinometer I-02, which was also installed in a mid-
slope pile, showed greater movement than I-01 
which was as a result of driving the eastern 
landspan piles. 
 
5.3 Mitigating Actions 
 
When the action levels were triggered a re-survey 
of the monitoring points and the bathymetry (as 
appropriate) was undertaken to confirm the veracity 
of the readings.  If confirmed, the sensitivity of the 
design to greater movement was reviewed and an 
assessment made of whether it was reasonable to 
progress as before or whether modifications to the 
construction methodology were needed. Where 
appropriate the construction approach was 
modified, which typically involved reducing the plant 
loading or setting back the imposed loading from the 
triggered area.  Additionally, ground movements 
were monitored in real time as work progressed – 
an observational type approach.   
 
During driving of four adjacent eastern landspan 
permanent piles to -30mCD over a 36-hour period 
greater ground movements than predicted were 
observed.  Vectors of movement of the adjacent 
prisms and inclinometer I-02 indicated movement 
southwards towards the outer harbour and slightly 
eastwards.  The movement of the prisms by up to 
120mm was greater than the ground movement 
which could be attributed to ‘soil displacement’ 
associated with installation of the piles, indicating 
that some local instability of the revetment had 
occurred.  After a stand-down period to assess the 
implications, the works progressed under a revised 
methodology.  This followed the monitoring 
approach given above and modification of the pile 
driving sequence and methodology.  Piles were 
driven with half the hammer drop for small depths 
only and the installations monitored.  Where no 
jump in movement was recorded, piles were 
progressively driven with the full hammer drop and 
over greater depths.   Throughout this process the 

sequence of driving the permanent works piles was 
modified to avoid driving adjacent piles sequentially.  
 
5.4 Proof of Main Wharf Pile Capacities 
 
The main wharf piles i.e. not including the 
landspans, were driven to a toe level between -
59.2mCD and -62.6mCD with their toes founded in 
the Fan Deposits.  The significant length of the piles 
combined with the low permeability of the silty RMS 
resulted in high temporary compression compared 
to permanent set for each blow.  As shown in Table 
2 the temporary compression was more than 10 
times greater than the permanent set. 
Table 2   Main Wharf Piling Details 

  Minimum Maximum Average 
Founding 

Level (mCD) 
-62.6 -59.2 -61.0 

Permanent 
Set (mm) 

1.6 4.7 2.9 

Temporary 
Compression 

(mm) 

35.8 42.5 39.1 

 
The temporary compression resulted from elastic 
compression of the ground, elastic shortening of the 
pile and, primarily, high excess porewater pressures 
in the silt, causing ‘hydraulicing’ [8] (the energy 
imparted into the pile being absorbed by the fluid 
around the pile as occurs in a hydraulic system).  
Where hydraulicing was occurring, and continued 
driving did not allow the excess porewater 
pressures to dissipate, the computed end of drive 
(EOD) capacity was not considered to be 
representative of the final ultimate pile capacity.   
 
At the commencement of piling restrike (RST) tests 
were undertaken over a period of three weeks on 
two piles; one on a mid-slope pile (IP19) and one of 
the eastern landspan piles (3C) to investigate the 
difference between EOD and RST capacities, the 
ratio between the two being the ‘set up’ factor 
(Figure 12). 
 

  
Figure 12 – ‘Set up’ of pile capacity with time showing the 
notable increase between EOD and RST 
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Of note is the fact that the IP19 pile was open ended 
and was founded in the RMS and the 3C pile was 
closed ended and was founded in the Fan Deposits.  
The ‘set up’ factor was greater for IP19 indicating 
excess porewater pressures were generated within 
the pile and beneath its toe, compared to the closed 
ended pile founded in the Fan Deposits. These 
restrike tests demonstrated that an allowance for 
‘set up’, i.e. dissipation of excess porewater 
pressures adjacent to the shaft and beneath the toe 
over time, was warranted when assessing the final 
capacity.   
 
The capacity of the piles was assessed based on 
Pile Driver Analyser (PDA) and Case Pile Wave 
Analysis Program (CAPWAP) interpretation of 10% 
of the piles calibrated against a modified Hiley 
formula for the remainder of the piles. The 
conventional Hiley formula was modified to take 
account of the set up.  The owner, LPC, engaged 
the specialist piling adviser FSG to undertake an 
assessment of the pile capacities. 
 
6. Conclusions 
 
The composition of the Eastern Mole, comprising 
loose to medium dense historical Reclamation Fill, 
and the significant thickness of underlying normally 
consolidated, low strength, loess derived silt of the 
RMS presented complex challenges.  These, 
combined with the restricted access and decision to 
construct the facility from the land, were key factors 
in the design and construction of the facility.  
Working with the owner and ECI Contractor a 
construction sequence was developed which 
incorporated; enabling works on the crest of the 
Eastern Mole, a row of mid-slope piles on the 
revetment and progressively using the permanent 
works as staging for construction of the remainder 
of the works.   
 
Detailed modelling of the construction sequence 
provided alert and action levels for ground 
movement.  Inclinometers, prisms and pins were 
installed to allow monitoring to be undertaken during 
construction.  Data from the monitoring correlated 
well with the predicted movements and confirmed 
the design assumptions.  Where movements 
exceeded those predicted, mitigation in the form of 
sensitivity checks, refined construction 
methodologies and real time monitoring, allowed 
the works to progress with a minimum of disruption.   
 
When the main wharf piles were driven over 60m 
through the RMS and into the Fan Deposits they 
exhibited small permanent sets and large temporary 
compressions, attributed to the development of 
excess porewater pressures in the silt horizons of 
the RMS.  By undertaking restrike tests over a 
period of three weeks it was demonstrated that ‘set 
up’ of the piles was occurring (as excess porewater 

pressures dissipated).  A modified Hiley formula, 
calibrated against PDA testing of 10% of the piles, 
was adopted to take account of the set up and 
confirm that the piles had achieved their required 
ultimate capacity. 
 

 
Figure 12 – Facility nearing completion in 2020 
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