


(Sanay and Valle-Levinson 2005). The major character-
istics of this test case are reproduced by the simulation
results: We find a positive correlation between wind
strength and velocities (two bottom panels of Fig. 10)
as well as a negative correlation between water depth h
and the magnitude of the velocities ∣u∣. For the non-
rotational case (configuration 1, top panel in Fig. 10),
we agree with the observations from (Sanay and Valle-
Levinson 2005) and find a symmetric profile of the
meridional velocities. This changes for all rotational test
cases in which we find asymmetries near the head (at
x = 98,000—see Fig. 11). We furthermore find (see Fig.
11) steeper gradients on the left shoal for configurations
2 and 3. For configuration 4, Sanay and Valle-Levinson
(2005) find a symmetric velocity profile—almost as for
configuration 1—this, we cannot confirm. However, we
would like to point out that they used different equa-
tions to model this problem. Hence, an explanation
might be found, again, in the characteristics of the shal-
low water equations. They are depth-integrated, so that
the Coriolis force effects the entire water column. The
model employed in (Sanay and Valle-Levinson 2005)
used between 10 and 30 vertical layers in their model
which we believe to add a dissipation that we are un-
able to reproduce.

Resolution appears to be a critical issue for this test
case. With a spatial resolution of only Δr = 154 (a total
of 5120 triangles in Ω), with Δr is the radius of the
inscribed circle, we observe that after long integration
times instabilities develop in the form of vortices at the
bo t tom end of the domain fo r a l l ro t a t iona l

configurations (2–6), indicating that the resolution is
not sufficient for a realistic and physically correct solu-
tion. We attribute this effect to the depth-integrated
character of the shallow water equations as well as the
occurrence of a geostrophic imbalance. As opposed to
the model used in (Sanay and Valle-Levinson 2005) that
included several vertical layers and with that the ability
to dissipate energy in the vertical dimension resulting in
a rotation of the fluid in the (y–z) plane, the depth
integrated shallow water equations cannot take vertical
motion into account.

4 Results II: Adaptive mesh refinement

In this section, we show and comment on the use of
adaptive mesh refinement in the presented model. To do
this, we will focus on two test cases:

– Idealised storm surge modelling and sensitivity analysis
(Sect. 4.1)

– Idealised dam break (Sect. 4.2)

4.1 Idealised hurricane approaching a linearly sloping
coast

In order to study the viability of the current model for
use in hindcasts, we implemented an idealised test
which is similar to a test presented in (Mandli 2011).
It is designed to reproduce observations of a published

Fig. 11 Wind-induced circulation in a semi-enclosed homogeneous, rotating basin: scaled velocities at t = 20,000
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sensitivity study (Weisberg and Zheng 2006). The latter
showed that hurricane flood intensity is sensitive to the
storm’s approach speed, direction of approach θ and
landfall location. Our idealised test set up is defined
as follows:

Let Ω = [−200,000, 500,000] × [−300,000, 300,000] be
a rectangular basin with a transmissive boundary at
x = − 200,000, impermeable boundaries otherwise and a
bathymetry defined by the piece-wise linear function

b xð Þ ¼ 0 for x≤350� 103

αb � x−350� 103
� �

otherwise;

�
where αb = 0.025 is the slope of the bathymetry and
x = (x, y)⊤ is the spatial coordinate (see also Fig. 12).
The initial water surface is at rest and described by
h(x, 0) = max (3000.0 − b(x), 0.0).

We then initialise a cyclone at an initial position (see large
black dot in Fig. 12) and an approach angle θ. The correspond-
ing wind stress τ requires the computation of a continuous
wind field. This can either be accomplished by using re-
analysis data or a parameterised model that allows the deriva-
tion of a continuous wind field from a few discrete parameters;
see (Beisiegel and Dias 2019) for a short discussion on using a

parameterised model in combination with re-analysis data for
the Republic of Ireland. In the present model, the wind field is
computed using a parameterised model (Holland 1980),
which we elaborate on in more detail in Sect. 4.1.1, with
parameters pc = 95,000 Pa, pn = 100,500 Pa, A = 23 and B =
1.5 which are representative for the 2008 hurricane Ike. Six
different configurations as in (Mandli 2011) are implemented
(cf. Table 3) and final times Tend are chosen such that the
storm’s landfall is captured. Note, that we use oceanographic
conventions, i.e. 0∘ corresponds to travelling to the right. The
boundary conditions are transmissive at x = − 200 × 103 and
impermeable otherwise. Transmissive boundaries for this sub-
critical flow were implemented following (Antonopoulos and
Dougalis 2016) using a standard approach based on Riemann
invariants.

4.1.1 Holland’s model to compute hurricane winds

The wind stress in Eq. (8) depends quadratically on the wind
v. For hurricanes, winds can be computed using the model
(Holland 1980):

v xð Þ ¼ v rð Þ � t with v rð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AB pn−pcð Þe− A

rB

ρaρrB
þ r2 f 2

4

s
−
rf
2
;

where r is the distance from the centre of the storm; t the
tangent to the circle with radius r, A, B ∈ℝ are shape param-
eters; pn and pc are the ambient and central pressure respec-
tively; ρ the water density; and f the Coriolis parameter. The
scaling parameters A and B are then obtained from the maxi-
mum wind speed as well as the radius of maximum winds
(RMW):

B ¼ max jvjð Þ2=Δp � ρaeð Þ and A ¼ RMWB; ð11Þ
where e is Euler’s number. An example for a normalised wind
profile is found in Fig. 2.

Fig. 12 Idealised hurricane approaching a linearly sloping coast: top–
down view of set up with beach indicated by blue line, wave gauges by
dots, the initial storm position by a large black dot, and the approaching

angle with θ (left); cross section of bathymetry (blue line) and resting
water surface (dashed line) (right)

Table 3 Idealised hurricane approaching a linearly sloping coast:
parameters for all six experiments

Configuration Start point in km Approaching
angle, θ (°)

Approaching
speed (m s−1)

1 (0.0, 0.0)⊤ 0 5

2 (200.0, −100.0)⊤ − 45 5

3 (200.0, 100.0)⊤ 45 5

4 (425.0, −100.0)⊤ − 90 5

5 (425.0, 100.0)⊤ 90 5

6 (0.0, 0.0)⊤ 0 25
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The windmodel (Holland 1980) also gives a corresponding
atmospheric pressure

pA ¼ pc þ pn−pcð Þe−A
rB ;

as is seen from Fig. 2 (right) which shows pressures (dashed
line) normalised by pn − pc as well as wind speeds normalised
by max |v|2.

4.1.2 Numerical results

We ran the simulation with a temporally changing time step, an
explicit RK23 time integrator, and a CFL number of 0.2 with a
spatial resolution of Δx = 10,937.5 a Manning parameter of
n = 0.001, and the wind drag as in (Weisberg and Zheng
2006). We note that this CFL number differs from the one used

Fig. 13 Idealised hurricane approaching a linearly sloping coast: waterfall plot of time series at even numbered wave gauges from bottom to top for all
six configurations. Amplitudes are in m with an added offset of 10 · k for wave gauge Gk for all k

Table 4 Idealised hurricane
approaching a linearly sloping
coast: maximum wave height
ηmax with respect to ramp up time
at gauges G10, G12 and G20

Ramp up time 15 min 30 min 1 hour 2 hours 4 hours

ηmax at G10 41.4 × 10−2 41.4 × 10−2 41.7 × 10−2 41.6 × 10−2 41.7 × 10−2

ηmax at G12 6.5 × 10−2 6.4 × 10−2 6.5 × 10−2 6.3 × 10−2 6.5 × 10−2

ηmax at G20 2.3 × 10−2 2.2 × 10−2 2.2 × 10−2 2.3 × 10−2 2.4 × 10−2
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in all other experiments in this study but was found to be
necessary to ensure numerical stability. We then compared
the wave signal η(x, t) = h(x, t) − 3000.0 at numerical wave
gauges Gk located at Gk · 10

−5 = (4.5, −2.5 + 0.5k)⊤ for
k = {0, 2, 4,…, 20} (see left display of Fig. 12) with the find-
ings in (Mandli 2011) and found overall good agreement. The
results are found in Fig. 13. It shows the water wave signal for
all six configurations obtained at the numerical wave gauges
Gk for all even numbered wave gauges with the amplitudes
plotted in metre with a vertical offset of 10 · k for gauge Gk

to increase readability. In agreement with the literature
(Weisberg and Zheng 2006), we find that the observed
flooding is sensitive to the approaching angle. The plots for
configurations 2 and 3 in Fig. 13 show significantly different
signals at the wave gauges to the left and right of the wave
gauge at which the storm made landfall. They differ in shape
and arrival time. The general N shape of the largest waves as
seen in (Mandli 2011), however, could not be reproduced.
Since higher resolution simulations with a halved Δx showed
the same behaviour, we attribute this effect to the implemen-
tation of impermeable boundary conditions in this test case.
The rotational direction of the wind velocity, and the imper-
meable boundaries at x = ± 300 × 103 are thought to be re-
sponsible for the only approximate symmetries between con-
figurations 2 and 3, as well as 4 and 5. In the absence of
Coriolis forcing, the rotational direction impacts the flow,

such that the plot of configuration 2 in Fig. 13 is not exactly
the same as the plot for configuration 3 mirrored at y = 0. We
furthermore remark that all configurations show small oscil-
lations right after the storm made landfall. This is due to the
treatment of the wind stress which was switched off after the
storm reached the beach.

4.1.3 Influence of ramp up times and robustness

Numerical models often require a gentle ramping up of source
terms in order to reduce spurious oscillations and to allow for
a robust computation. In our simulations, we ramped up the
wind stress τ and pressure p using an exponential blending in
time. For early times, t ≤ tru this filter F takes on the form

F ϕð Þ ¼ ϕe
− t−tru

c f tru

� �2

;

with ϕ the quantity that is to be started and cf a tunable
coefficient.

The storm only starts travelling towards the coast
with angle θ after the ramp up time tru is reached.
Before, it is kept at its starting position, so that the
wind and pressure fields are slowly ramped up until
they reach their full strength. We ran configuration 1
with five different ramp up times between 15 min and
4 hours (see also Table 4) to test the robustness of the
results. Ideally, we would like tru to be as small as
possible to save computing time but large enough to
not pollute numerical results. We observe that for all
times between 15 min and 4 hours we get robust

Table 5 Idealised hurricane
approaching a linearly sloping
coast: maximum and minimum
wave height with respect to
different drag coefficients at
gauges G10, G12 and G20

Gauge no. Weisberg and Zhang Garrat Powell Constant

10 ηmax 41.6 × 10−2 41.6 × 10−2 41.6 × 10−2 41.7 × 10−2

ηmin −10.0 × 10−2 −9.9 × 10−2 −9.8 × 10−2 −9.5 × 10−2

12 ηmax 6.3 × 10−2 6.3 × 10−2 6.5 × 10−2 6.5 × 10−2

ηmin −10.5 × 10−2 −10.5 × 10−2 −10.4 × 10−2 −10.0 × 10−2

20 ηmax 2.3 × 10−2 2.3 × 10−2 2.4 × 10−2 2.4 × 10−2

ηmin −8.1 × 10−2 −8.0 × 10−2 −7.9 × 10−2 −7.6 × 10−2

Fig. 14 Idealised hurricane approaching a linearly sloping coast:
maximum wave height ηmax versus maximum wind speed, max v, for
different drag coefficients (black squares—Weisberg and Zheng, red plus-
ses—Powell, blue xs—Garrat and grey circles—constant. Because of the
close agreement of obtained ηmax, markers overlay

Table 6 Idealised hurricane approaching a linearly sloping coast:
Holland parameters for storms of different sizes/varying RMW

Configuration Δp max ∣v∣
in m s−1

RMW in
km

A B

1a 4600.0 50.0 10.0 50.11 1.7

1b 4600.0 50.0 20.0 162.313 1.7

1c 4600.0 50.0 47.0 695.931 1.7

1d 4600.0 50.0 75.0 1533.171 1.7
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numerical results. Furthermore, as is seen from Table 4,
the maximum wave height does not show a lot of var-
iation depending on different ramp up times and the
maximum variation is found to be 3 × 10−3. Wave gauge
signals, however, detect a small wave at times t ≈ 1 h
for ramp up times below 2 hours. Hence, we chose a
ramp up time of tru of 2 hours for this study.

Table 7 Idealised hurricane approaching a linearly sloping coast:
Maximum wave height for different storm sizes at wave gauge G10

Configuration
1a

Configuration
1b

Configuration
1c

Configuration
1d

ηmax 38.6 × 10−2 48.4 × 10−2 55.2 × 10−2 63.4 × 10−2

Fig. 15 Idealised hurricane approaching a linearly sloping beach:
Simulation results for configuration 1 at time t = 0, midway to landfall
and close to landfall (left to right). Depicted are the current magnitudes of

the uniform (top) and adaptive (top middle) simulation; the adaptive
meshes (bottom middle) and absolute difference between both simula-
tions (bottom)
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4.1.4 Sensitivity with respect to the wind drag parameter cd

Modelling the energy transfer from the atmosphere to the
ocean surface is accomplished through a wind drag parameter
cd (a source term; see also Eq. (8) that couples the external
wind field to the hydrodynamic model). As described in Sect.
2.1.4, several wind drag parameterisations have been devel-
oped in the literature. Exemplarily, we tested the set of four

parameterisations described in Sect. 2.1.4 for configuration 1
in order to determine their influence on maximum wave
heights at wave gauges Gk which we assume a good indicator
for wave run-up at the coast. Table 5 shows maximum and
minimum wave heights for the original configuration 1 at se-
lected wave gauges closest to the storm’s landfall. We repeat-
ed the simulation with all four different wind drag models and
observe merely minor differences of the order of at most 0.5 ×

Fig. 16 Idealised hurricane approaching a linearly sloping beach:
Simulation results for configuration 2 at time t = 0, midway to landfall
and close to landfall (left to right). Depicted are the current magnitudes of

the uniform (top) and adaptive (top middle) simulation; the adaptive
meshes (bottom middle) and absolute difference between both simula-
tions (bottom)
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10−2. The parameter cd = cd(v) depends on the wind speed.
Therefore, we ran configuration 1 with varying maximum
wind speeds max ∣ v ∣ ∈ {15, 25, 35, 45, 55} for every wind
dragmodel. As shown in Fig. 14, we see that the differences in
maximum wave heights ηmax are negligible. In fact, they are,
again, of the order of at most 0.5 × 10−2. Hence, we conclude
that in an idealised model such as the one presented in this

manuscript different wind drag models do not lead to signifi-
cantly different results. This can be explained by the form of
the wind stress τ = ρacd ∥ v∥2v. Using the selected
parameterisations, cd will differ at most by a factor of 2 in
very localised regions of the storm, which does not lead to a
significant increase or decrease in the observed wave heights
close to the coast.

Fig. 17 Idealised hurricane approaching a linearly sloping beach:
Simulation results for configuration 3 at time t = 0, midway to landfall
and close to landfall (left to right). Depicted are the current magnitudes of

the uniform (top) and adaptive (top middle) simulation; the adaptive
meshes (bottom middle) and absolute difference between both simula-
tions (bottom)
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4.1.5 Influence of storm size

The size of a hurricane plays an important role in the
observed flooding. For reasonable storm sizes, a vari-
ability of about 30% in observed surge is reported
(Irish et al. 2008). In the wind model (Holland 1980),
the shape and size of the storm depend on the shape
parameters A and B. These, in turn, depend on the

radius of maximum winds (RMW), the difference be-
tween ambient and central pressure Δp = pn − pc, the
air density ρa and the maximum wind speeds as shown
in Eq. (11). Assuming storm conditions that are repre-
sentative for the 2017 hurricane Ophelia, we simulate
configuration 1 as described above and vary the radius
of maximum winds. According to (Hsu and Yana 1998),
the average radius of maximum winds of hurricanes is

Fig. 18 Idealised hurricane approaching a linearly sloping beach:
Simulation results for configuration 4 at time t = 0, midway to landfall
and close to landfall (left to right). Depicted are the current magnitudes of

the uniform (top) and adaptive (top middle) simulation; the adaptive
meshes (bottom middle) and absolute difference between both simula-
tions (bottom)
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47 km, with a standard deviation of 27 km which is
why we chose to run simulations with the radii stated
in the Table 6. As can be seen, only parameter A varies
with varying RMW if all other conditions are kept fixed
as it describes the radial scaling on the RMW and the
location of the maximum wind relative to the origin. We
measured the maximum wave height at wave gauge
G10—the location at which the synthetic storm made

landfall—and will hence record the maximum surface
elevation ηmax. The results are depicted in Table 7. We
see that with this simple parameterisation, we achieve
measured maximum wave heights with a variability of
about 39%. Given that we tested with parameters resem-
bling hurricane Ophelia for the most part, we conclude
that we are within the range of variability that was
found in (Irish et al. 2008).

Fig. 19 Idealised hurricane approaching a linearly sloping beach:
Simulation results for configuration 5 at time t = 0, midway to landfall
and close to landfall (left to right). Depicted are the current magnitudes of

the uniform (top) and adaptive (top middle) simulation; the adaptive
meshes (bottom middle) and absolute difference between both simula-
tions (bottom)

Ocean Dynamics (2020) 70:641–666660



4.1.6 Adaptive simulations

Dynamically changing non-uniform meshes as described in
Sect. 2.2 are ideal for simulating localised phenomena at a
reduced computational cost. Since storm wave heights are
strongly influenced by changes in bathymetry as well as the

size and strength of a storm, we define a refinement indicator
ηΩi

to take both of them into account for every element Ωi:

ηΩi
¼ ∇bj jΩi;1

þ vj jΩi;2
: ð12Þ

Using the indicator (Eq. (12)), we achieve a refinement of
the beach or bathymetry gradient as well as the storm position

Fig. 20 Idealised hurricane approaching a linearly sloping beach:
Simulation results for configuration 6 at time t = 0, midway to landfall
and close to landfall (left to right). Depicted are the current magnitudes of

the uniform (top) and adaptive (top middle) simulation; the adaptive
meshes (bottom middle) and absolute difference between both simula-
tions (bottom)
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(see Figs. 15, 16, 17, 18, 19 and 20). Figures 15, 16, 17, 18, 19
and 20 show numerical results for configurations 1–6 on an
adaptive and a uniform mesh. Plotted are the non-uniform
meshes and currents at the initial time, about halfway to land-
fall and close to landfall. We can see that the adaptive and
uniform simulations yield comparable results with small er-
rors in areas of high resolution and slightly larger errors

outside. The refined region in the adaptive simulation com-
prises the entire area close to the coast as well as the cyclone
and with time we see that the refined area resolving the cy-
clone moves with the storm. Some numerical error is observed
which we attribute to the choice of the heuristic refinement
indicator which captures physical features that only indirectly
correlate with numerical error and model sensitivities. This,

Fig. 21 Idealised hurricane approaching a linearly sloping beach: Waterfall plot of wave gauges Gk over time for uniform (black dashed line) and
adaptive (blue solid line). Amplitudes are in m with an offset of 10 · k m for wave gauge Gk

Fig. 22 Idealised dam break:
Domain description with inlet
depicted by a diamond
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however, does not impact the measured wave heights near the
coast. The maximum wave heights measured at gaugesGk are
depicted in Fig. 21 and show good agreement between the
adaptive and uniform simulations. Hence, since our interest
lies in the wave gauge signal, the refinement indicator seems
suitable. Although dynamic mesh refinement adds computa-
tional overhead, this was not found to be significant. For con-
figuration 1 (Fig. 15), the uniform simulation comprised 8192
elements, while the adaptive simulation only used on average:
2714 (and a maximum 3074) elements—a reduction to at least
37.52% of the elements (on average 33.13%). In terms of run
time, the adaptive simulation used about 31.33% of the com-
putational time by yielding quantitatively the same result in
terms of measured wave heights. A similar behaviour can be
observed for all configurations.

4.2 Idealised dam break

In a rectangular domain Ω = [0, 31] × [0,8.3] that is separated
by a wall at x = 4 (see also Fig. 22), two different constant
water levels are prescribed as

h x; 0ð Þ ¼ h1 x≤4
h2 otherwise

�
;

with h1 = 0.6 and h2 = 0.05. We furthermore assume zero ini-
tial velocities u(x, 0) = 0. At time t = 0, a dam break is

simulated by removing the wall between 3.95 ≤ y ≤ 4.35 as
indicated by the diamond in Fig. 22.

To preserve the space-filling curve (SFC) ordering of the
elements and to resolve the narrow inlet, we used the macro-
triangulation depicted in Fig. 23 as an initial mesh for the
uniform as well as adaptive mesh refinement. This comes at
the expense of the time step being limited by the narrowest
element which we will further comment on later in this
paragraph.

We ran the uniform simulation with a CFL number of
0.3 which resulted in a time step of about Δt = 5 · 10−4 and
a total number of elements of 69,632 which corresponds to
a 12 times uniform refinement of the mesh depicted in Fig.
23. Snapshots of the numerical solution at times t = 0, 2,
and 4 on a uniform and adaptively refined mesh are found
in Fig. 24. We observe that a large wave develops from the
inlet and starts travelling across the shallow part of the
domain. Using the fine resolution uniform simulation as a
reference solution, we ran an adaptive simulation, refining
according to momentum maxima, i.e. using a refinement
indicator ηΩi

tð Þ ¼ max
x∈Ωi

ju x; tð Þj. The adaptive mesh com-

prised a finest resolution identical to the uniform simula-
tion but a coarsest resolution resulting from only 8 times
refining the macro-triangulation. The results on the adap-
tive and uniform mesh are virtually indistinguishable. We
can see that the fine mesh area follows the emerging wave

Fig. 23 Idealised dam break:
Macro-triangulation

Fig. 24 Idealised dam break: Snapshots of numerical solution on uniform (top) and adaptive mesh (middle) at times t = 0, 2, and 4 s (left to right), and
corresponding adaptive mesh (bottom)
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and only regions are refined that experience fluid move-
ment. Due to the not uniform macro-triangulation, the re-
gion around the inlet is highly refined, ensuring that flows
are accurately captured. The adaptive mesh comprised on
average 8437 elements which is about 12% of the number
of elements of the uniform simulation. In terms of comput-
ing time, the adaptive simulation only took 30.5% of the
computing time for the uniform simulation—leading to a
cost reduction of almost 70%.

5 Conclusions and future work

In this study, we have developed a discontinuous Galerkin
model on a dynamically adaptive triangular mesh that solves
the fully 2D non-linear shallow water equations for the simu-
lation of coastal flooding and idealised storm surges.

Numerical test cases that we believe to be a good basis for a
test suite that might be useful for storm surge modellers dem-
onstrate that the obtained model is inundation stable due to
advanced slope limiting techniques (Vater et al. 2019) and
maintains important conservation properties such as mass as
well as integrated fluxes as described in Sect. 3.1 for the sim-
ulation of a hypothetical embayment. Moreover, a steady state
is achieved numerically in Sect. 3.2 in which a balance be-
tween pressure gradients and wind stress is simulated. In Sect.
3.3, we show the robustness of the wind forcing and the effect
of Coriolis forcing on wind-induced circulation. We further-
more see that the wind forcing is robust with respect to ramp
up times; hence, no spurious artefacts are introduced.

Finally, in Sect. 4.1, we show the capability of the
model to simulate idealised hurricane storm surge using
the wind parameterisation (Holland 1980), hence making
it suitable for simulation of realistic hurricanes such as the
2008 Atlantic hurricane Ike or the 2017 hurricane
Ophelia. A sensitivity analysis furthermore reveals that
the model is not sensitive to the choice of wind drag
parameterisation or storm ramp up time. The observed
variability of maximum wave heights (and therewith wave
run up) with varying RMW confirms previously published
studies, underlining the capability of the model to yield
realistic results. Most notably, using dynamically adaptive
meshes, we obtain virtually the same signal at wave
gauges close to the beach at significantly less computa-
tional cost: The reduction of computing time was mea-
sured to be up to 70%. Overall, this is to demonstrate that
the developed model is suitable for the simulation of
idealised hurricane storm surge and shows a satisfactory
robustness and accuracy as well as adaptive mesh capa-
bilities that help reduce computing costs significantly.

The same reduction of about 70% could also be shown for
the idealised dam break problem in which we showed that the
mesh is accurately following the emerging waves.

In this study, we have dealt with a number of idealised test
cases and demonstrated the model’s potential to use an adap-
tive mesh for the simulation of hurricane storm surge. The
application of the presented model to more realistic data is
beyond the scope of this paper and will be left for future
research. The results presented, however, allow the conclusion
that the combination of dynamically adaptive mesh refine-
ment with a DG discretisation significantly increase the po-
tential practicality of the model and can be seen as a first
indication of DG methods being a useful tool for the applica-
tion to hurricane storm surge modelling.
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