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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. 
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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) 
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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. 



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. 
 

 
 
 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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