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COMPARISON OF MODELS FOR THE SIMULATION OF LANDSLIDE
GENERATED TSUNAMIS

E. Aupussi!, J.G. CALDAS STEINSTRAESSER?, L. EMERALD?®, P. HEINRICH?, A.
PARIS*5 AND M. PARISOTS

Abstract. In this paper, we analyze the relevance of the use of the shallow water model and the
Boussinesq model to simulate tsunamis generated by a landslide. In a first part, we determine if the two
models are able to reproduce waves generated by a landslide. Each model has drawbacks but it seems
that it is possible to use them together to improve the simulations. In a second part we try to recover
the landslide displacement from the generated wave. This problem is formulated as a minimization
problem and we limit the number of parameters to determine assuming that the bottom can be well
described by an empirical law.

Résumé. Dans cet article, nous analysons la pertinence de 1'utilisation de modéles intégrés suivant
la verticale tels que le modéle de Saint-Venant et le modéle de Boussinesq pour simuler les tsunamis
générés par un glissement de terrain. Dans une premiére partie, nous déterminons si les deux modéles
sont capables de reproduire les vagues générées par un glissement de terrain. Chaque modéle présente
des inconvénients mais il semble qu’il soit possible de les utiliser ensemble pour améliorer les simulations.
Dans une deuxiéme partie, nous essayons de retrouver le déplacement du glissement de terrain a partir
de la vague générée. Ce probléme a été formulé comme un probléme de minimisation et nous limitons le
nombre de paramétres a déterminer en supposant que le fond peut étre bien décrit par une loi empirique.

1. INTRODUCTION

This work is devoted to the numerical comparison of three different fluid mechanics models in simulating
landslide tsunamis: the Navier-Stokes model, the Boussinesq model and the shallow water model. The former is
considered here as a reference since the two latter are simplifications of it. However, its high computational
cost and potential numerical difficulties, such as an excessive numerical diffusion, the definition of boundaries
conditions or reflections at the boundaries, motivate the use of simplified models and make the computed solution
not always clearly closer to the reality for some applications such as the simulation of tsunamis because of the
large space scale involved. The simplified models are based on a depth-averaging. For these reasons simulations
are much less expensive than with those solving the Navier-Stokes model. The shallow water model neglects the
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FIGURE 1. Initial state of the test case. The landslide is in brown and the water is in blue.

dispersive effects by assuming a hydrostatic pressure. The Boussinesq model takes into account the dispersive
effects assuming small perturbation from a main water depth, but it is based on a non-conservative form that
can leads to wrong solutions in the case of strongly variations of the free surface. A deeper description of the
models is done in as well as a description of the numerical strategy used to simulate them.

The depth-averaging models are largely used in the simulation of tsunamis . In particular, the shallow
water model is able to predict with a good accuracy the arrival time on the coast of the tsunami. However the
amplitude of the wave is not well predict by the shallow water model, in particular second and third waves which
are sometimes more destructive than the first despite they are smaller. The Boussinesq model leads to a better
description of both the wave slope and the run-up area.

We address the question of the numerical strategy to recover the tsunami waves generated by landslides. This
question is not trivial at the scale of the application and several strategies exist in the literature |§|, We
propose to explore the possibility to recover the bottom displacement from the free surface elevation using a
inverse problem of a simplified model. This strategy assumes two technical steps that have to be first validated
and this is the aim of this proceeding. In a first part §3] we investigate the ability of the simplified models to
reproduce the wave obtained by the reference model (Navier-Stokes simulated by OpenFOAM). The important
question lies on the strategy used to represent the landslide and in the current work we propose to recover the
bottom displacement from the result of the reference model. The drawback of this strategy is that in practice, we
do not want to simulate the reference model at the scale of the application. In the second part §4] we investigate
the possibility of recovering the bottom displacement from the free surface elevation at given positions. Inverse
problems of models that develop discontinuous solutions are generally complex, see . Nevertheless, this
preliminary study tries to identify the main practical difficulties.

2. DESCRIPTION OF THE STUDY

2.1. The test case

The test case we based our study on is inspired from the literature, in particular [12]. It is a 2D test case,
where x € R is the horizontal coordinate and z € R is the vertical coordinate, on an idealized bathymetry, called
hereafter the substratum, defined by

B(z) =max(0,D —z)— D (1)
with the offshore depth D = 0.15 m. The time coordinate will be denoted by ¢t € R;. At the initial state, the
landslide is at rest and has the shape of a parallelogram of vertices (z9, —D), (xo + L, —D), (xg + L — H, H — D)
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and (zo — H, H — D). Several values of the height H and the length L will be explored in the study. The water
is initially at rest with a flat free surface at z = 0 m. The initial state is illustrated on Figure
The boundary conditions depend on the model and are described in §2.2]

2.2. The models and their numerical resolution

The numerical simulations of the landslide-generated waves were performed considering three models: the
Navier-Stokes model, the Boussinesq model and the shallow water model. Because of their different mathematical
properties, they are solved using different numerical tools presented in what follows. Note that the numerical
strategies presented for each model are not the only ones existing in the literature. They have advantages as
well as drawbacks that we try to summarize in this subsection.

For the sake of simplicity, we do not consider the second horizontal direction y since our test case does not
depend on it. Note however that the models as well as the numerical tools used in this work can take it into
account, (i.e. 3D (z,y, z) simulations for the Navier-Stokes model and 2D (z,y) simulations for the shallow
water model and the Boussinesq model).

2.2.1. OpenFOAM solver of the free surface incompressible Navier-Stokes model

The fluid dynamics for macroscopic applications are classically described by the incompressible Navier-Stokes
equations. However, the modeling of tsunamis generated by landslide also requires the description of the
water surface, also called free surface, and the description of the dynamics of the landslide. In this work we
propose to adopt the VOF (Volume Of Fluid) strategy, i.e. globally describes the flow solving the incompressible
Navier-Stokes equations in the whole computational domain with physical parameters such as density and
viscosity depending on the fluid locally present. More precisely, the fluid is identified using the color function
@ (t,z,z) € [0,2] satisfying the following advection equation

hp+u-Vo=0 (2)

where u (t,7,z) € R? is the velocity of the fluid. When ¢ = 0, ¢ = 1 and ¢ = 2 we consider that the fluid is
respectively the air, the water and the landslide. The velocity satisfies the Navier-Stokes equations

p(Oru+u-Vu) ==Vp+ V- (uVu) + pge. (3)

where e, is the unit downward vector, g is the gravitational acceleration, p (¢) € Ry is the density of the fluid
and 4 (¢) € Ry its dynamic viscosity. These two parameters are piecewise linear reconstructions depending on
the color function, i.e.
_ [ = @) ro+ ¢m f0<p<1

K(¢){(2—¢)K1+(¢—1)H2 1f1<¢§2 (4)
where k stands for p and p and the parameter py (resp. po) stands for the density (resp. viscosity) of the air, pq
(resp. p1) stands for the density (resp. viscosity) of the water, and ps (resp. ps2) stands for the density (resp.
viscosity) of the landslide. In this study we set these parameters close to the physical values, i.e. pg = 1 kg-m3,
p1 = 1000 kg-m3, py = 1500 kg-m?3, g = 1.48 - 1075 Pa-s, yuy = 1073 Pa-s, uo = 2.222 Pa-s. The pressure p (¢, x)
is such that the flow satisfies the divergence free condition, i.e.

V-u=0. (5)

The set of equations is completed by an initial condition and the boundary conditions described in the test case,

see §2.1]

The numerical approximation of the Navier-Stokes model is realized using the module multiphaselInterFoam
of the C++ open source software OpenFOAM (Open-source Field Operation And Manipulation) [13].
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We assume a slip boundary condition at the substratum z = B(z), i.e. u- VB = 0. The friction at the
substratum is neglected to limit the difference between the models. However, it is not always clear how to
translate a no-slip boundary condition or a Navier Boundary condition from the Navier-Stokes model to the
shallow water model or the Boussinesq model. For computational reasons, we need to introduce a top boundary
condition, set at z = 0.65 m, and a left and right boundary conditions, set respectively at x = —0.65 m and
x = 8.35 m. All of them are defined as open boundary conditions. The space step is set in the two directions to
5-1073 m in order to limit the numerical diffusion. But it makes the computation time fast enough to allow
several sizes of landslides. The time step used for the computations is set to 10™2 s whereas the frequency of the
output is set to 2- 1072 s.

2.2.2. Hydra solver of the shallow water model

The shallow water model is one of the simplest for hydrology. Its well understood mathematical structure
allowed very efficient and robust numerical computation. It can be derived from the multiphase Navier-Stokes
model f integrating only the water phase, i.e. ¢ = (1,0), for an irrotational flow and under a long-wave
assumption [14]. The classical form of the model reads

ok + 0, () = 0
0, (i) + 0, (h* + U5°) = ghod ©)

where h (t,z) is the water depth and % (¢, z) is the main horizontal velocity. The bottom elevation d (t,z) is an
input of the model and we discuss further the strategy to obtain it.

The shallow water model is solved using the numerical tools Hydra that is based on a finite volume Godunov-
type solver with MUSCL second order reconstruction and a second order Runge-Kutta time scheme [15]. The
bathymetry source term is treated using the hydrostatic reconstruction [16].

The left and right boundaries are set respectively at * = —0.65 m and z = 8.35 m and open boundary
conditions are used. Note that the open boundary condition is not treated in the same way by the different
models. The horizontal space domain was discretized with an homogeneous grid of space step 5- 1072 m. We
used an adaptive time step based on the CFL condition with the CFL parameter set to 0.9. However, the outputs
are separated in time by 0.1 s.

2.2.3. AVALANCHE solver of the Boussinesq model

The Boussinesq model is largely used for the propagation of waves in ocean modeling. It can be derived
from the multiphase Navier-Stokes model (2)-(F]) by integrating only the water phase, i.e. ¢ = (1,0), for an
irrotational flow, weakly nonlinear and weakly dispersive [14]. The Boussinesq model can be written under the
form [17]

O + 0y (hu) = —0d

a3, d. (7)

where 7 (t, ) is the free surface elevation, h (t,z) = 1+ d is the water depth, u (¢, ) is the main horizontal
velocity. As for the shallow water model, the bottom elevation d (¢, x) is an input of the model.

The Boussinesq model is solved using the numerical tools AVALANCHE developed at the CEA to simulate
tsunamis (second order finite difference methods with Crank-Nicolson time scheme). It was successfully used to
study subaerial or submarine landslide tsunamis [1H7].

As well as in the case of the shallow water model, the friction is neglected and open boundary conditions are
considered at the left (z = —0.65 m) and right (z = 8.35 m) boundaries. We use the same space step of 5 - 1073
m, an adaptive time step based on the CFL condition with the CFL parameter set to 0.9 and the outputs are
separated in time by 0.1 s.
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FIGURE 2. Strategy of computation.

3. COMPARISON OF MODELS

3.1. The methodology

From the description of the models §2.2 an important difference can be noticed by the fact that the simplified
models @ and do not describe the dynamic of the landslide but only the dynamic of the water. Several
strategies exist in the literature to model landslide using the same kind of simplified model [18}/19]. However the
difference of the dynamic of the landslide obtained by this strategy compared to the result of the multiphase
Navier-Stokes model f will make the comparison of the free surface unclear. Since our study focus on
the waves generation, we adopt another strategy where the efficient bottom of the simplified model is not the
substratum given in (I}) but is obtained by post-treatment of the OpenFOAM Navier-Stokes results, see

We would like to point out another major difference to keep in mind in the comparison of the models. The
friction in the simplified models is neglected. This assumption is consistent with the slip condition at the
substratum in the simulation of the Navier-Stokes model. However the bottom elevation is located at the
interface between the landslide and the water for the simplified models. Because of the viscosity of the landslide,
a friction should be considered when the landslide thickness does not vanish. Nevertheless, this value is very
difficult to identify and we assumed it small enough to be neglected.

3.1.1. Strategy of computation of the bottom displacement

In the current section we detail the computational strategy used to define the bottom elevation in the simplified
models (@ and . It is illustrated in Figure

First of all, the multiphase Navier-Stokes model f is solved using OpenFOAM.

For each output of this computation, we extracted the interface between the landlside and the water, defined
here as the surface satisfying ¢ = 1.5, to be used as the bottom elevation for the simplified model @ and .
The interface extraction was realized using the software ParaView that allowed to obtain series of points
on each surface where it crosses the mesh of the computation, so not regularly spaced. These series presented
some oscillations, probably coming from the VOF strategy, and were polluted by some points at the substratum
z = B(x), in particular when the landslide becomes thin.

To clean these files we applied a filter that first removed the points too close to the substratum, i.e.
2z < B(x)+5-1073, then we applied a Laplacian filter to smooth the angular regions. Eventually we interpolated
(linear interpolation with the left and right closer points) the series on the mesh of the simplified models. We
obtained a description of the bottom elevation on the mesh of the simplified models at each output time of
the OpenFOAM simulation, see Figure [3] However, because of the adaptive time step strategy, we needed to
interpolate these files during the computation to obtain the bottom elevation at each time step of Hydra and
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F1GUuRE 3. Illustration of the filtering process. Red line is the bottom after the extraction step.
Blue line is the bottom after the filtering step.

AVALANCHE. Once again, a linear interpolation between the closest past and future filtered bottom was
used.

3.1.2. Simulated data based and treatment

Several simulations were performed using the strategy described in §3.1.1] by varying the shape of the initial
landslide block using the height H (between 0.2 and 0.5 m every 0.05 m) and the length L (between 0.1 and 0.6
m every 0.05 m), see Figure |1l For each simulation, we compared the time series of the free surface at some
gauges. This strategy follows the experimental process in which the free surface elevation is usually recovered
only by some buoys at given positions.

In a first time, we compare qualitatively the results of the different models. Our first observation is that there
are two distinct regions. In the area where the landslide is moving, the predominant physical phenomenon is the
generation of the wave due to the variation of the bottom. Hereafter, we call this region the wave generation
zone. The comparisons in this zone are described in Far from the landslide, the dynamic of the wave
is essentially a propagation phenomenon. Consequently, we call this region the wave propagation zone. The
comparisons in this zone are described in §3.2.2]

Obviously the most important region is at the transition between the two zones defined above, around the
place that the landslide finally reaches. In order to realize statistical analysis, we would like to compare the flow
at a unique position, ideally in the transition area. However, it is not obvious how to clearly determine this
point and it seems relevant to not change the position of the probe depending on the landslide. Hopefully, for a
large majority of the simulated landslide, the right bound of the wave generation zone is close to z = 1.15 m. So
the probe x = 1.35 m seems very relevant because it is located just after the place where the landslide stops for
almost all the simulations. More precisely, among the 77 simulations we ran, 61 were used to identify quantities
of interest to characterize the generated waves, see In the other simulations, the landslide reaches the
probe z = 1.35 m, completely changing the results. We also highlight the regime of validity of the simplified
models.

Eventually, in §3.2:4] we propose a numerical strategy trying to combine the best of both simplified models by
using one or another depending on the position: we use the shallow water model @ in the wave generation zone
and the Boussinesq model in the wave propagation zone. This domain decomposition strategy is well known
and already used in the case of breaking waves, where the Boussinesq model is solved in the propagation zone
and the shallow water model in the surf zone [20].
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FI1GURE 4. Comparison between the results of the three models for four selected test cases, in
the wave generation zone. The top left corresponds to the case fi)) at the probe x = 0.55 m. The
top right corresponds to the case [i) at the probe £ = 0.75 m. The bottom left corresponds to
the case at the probe = 0.95 m. The bottom right corresponds to the case at the probe
x = 1.15 m. Blue, orange and green lines represent respectively the Navier-Stokes, the shallow
water and the Boussinesq simulations. Red dashed line represents the evolution of the bottom.

3.2. The numerical results

In the two first parts, we focus on four selected cases:

i) (H,L)=(0.25m,0.2 m),
i) (H,L)=(0.3m,0.4 m),
iii) (H,L) = (0.2 m,0.6 m),
iv) (H,L) = (0.45m,0.4 m).

3.2.1. Comparison in the wave generation zone

Figure [4] represents the time series of the water surface elevation for the four test cases at gauge located at
the border of their wave generation zone, i.e. casefl) z = 0.55 m, case[ii) = 0.75 m, casefiii) z = 0.95 m and
case 2 = 1.15 m. In the same graphs we plot the landslide thickness (red dashed line) when the landslide
reaches the position of the probe.

We first observe that both simplified models, for which the dynamic of the landslide was imposed as a given
bathymetry, are very sensitive to the variation of the bathymetry. Indeed, in the beginning of the red dashed
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line in each graph in Figure [d] we can observe the formation of peaks for the shallow water and the Boussinesq
simulations. These peaks seem artificial, due to our strategy of imposing the bottom displacement and the fact
that we do not have a proper energy closure. Studies in the literature that impose the landslide displacement
using the same kind of simplified model (for example [18,/19]) do not present such kind of peaks. However the
dynamic of the landslide is significantly different.

We also observe that the shallow water model @ presents qualitatively better results than the Boussinesq
model in the wave generation zone. This behavior was observed for all the test cases performed. Our
explanation of this observation is that the Boussinesq model is weakly nonlinear. It means the water elevation in
the dispersive part of the model (RHS of the momentum equation) was replaced by the mean depth d. However
in the derivation of the model, the mean depth should not change in time, or at least much slower than the
free surface, which is not the case in our test case. In addition, we can remark that the advection term of the
Boussinesq model (LHS of the momentum equation) is written in the non-conservative form. It is well known
that this form is not suitable for discontinuous solutions, at least in the case of the shallow water model, because
it leads to wrong weak solutions. It is generally not a problem for the Boussinesq model, which does not develop
discontinuous solutions. However, in our test case, because of the discontinuous bottom, discontinuous solutions
appear.

3.2.2. Comparison in the wave propagation zone

Here we focus on the wave propagation zone for the same test cases as in §3.2.1] The time series of the water
surface elevation at the gauges casel) x = 1.35 m, caselii) x = 1.55 m, case E x = 1.75 m and case z =195
m are represented in Figure [5] By definition of the wave propagation zone, the bottom does not reach the gauges.

We remark that in the wave propagation zone, the shallow water is not always the best model in recovering
the results of the Navier-Stokes model. Moreover the results differ strongly from one test case to another. While
for the casel) and case the Boussinesq model is better, for the case it is the shallow water model. Finally,
for the case [i) both models seem quite far from the Navier-Stokes solution.

In the simulations realized in this work, the Boussinesq model behaves better in the wave propagation zone
for small landslides, while the shallow water model behaves better for big landslides. One can explain this by
the fact that the Boussinesq model is a better model for the wave propagation since it takes into account the
dispersive effects. However, for big landslides and since the interactions with the moving bathymetry is worse
than in the case of the shallow water model, the error created during the wave generation cannot be compensated
in the propagation zone. Anyway this observation suggests that the quality of the approximations given by
the simplified models is related to the volume of the landslide. However the results of case [ii)) and case are
too different in spite of the same volume of the landslide. In Figure [6] we show two simulations with the same
volume of landslide leading to different conclusions. The graphs on the top, for parameters (H, L) = (0.25 m, 0.45
m), show better approximations with the shallow water model in the wave generation zone but worse than the
Boussinesq model in the propagation zone. The graphs on the bottom, for parameters (H, L) = (0.45 m,0.25 m),
show better approximations with the shallow water model in both zones, generation and propagation. In the
next section, we investigate a better criterion than the volume of the landslide to characterize the qualitative
properties of the two simplified models in matching the Navier-Stokes solutions.

For now, we may conclude that the volume of the landslide is not the most determining criterium for the
behavior of the shallow water model and the Boussinesq model. Instead, we can suppose that there exists a more
direct link with the energy transferred from the landslide to the water. However, in practice it is not easy to
measure apriori the energy transferred. We first show in Figure [7] that the energy transferred from the landslide
to the water is strongly related to the initial energy of the landslide. More precisely, for all the simulations
we performed, between 50% and 60% of the initial energy was transferred to the water. Let us detail how we
compute the energies. Since the flow is initially at rest, the initial energy of the landslide can be computed from
its initial configuration, i.e. PY = P (t = 0) where P is the potential energy given by

Py =2 / (B(t,z) - B(x))? da
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FI1GURE 5. Comparison between the results of the three models for four selected test cases, in
the wave generation zone. The top left corresponds to the case fi)) at the probe x = 1.35 m. The
top right corresponds to the case [i) at the probe x = 1.55 m. The bottom left corresponds to
the case at the probe = 1.75 m. The bottom right corresponds to the case at the probe
x = 1.95 m. Blue, orange and green lines represent respectively the Navier-Stokes, the shallow
water and the Boussinesq simulations.

where §(t,x) is the top interface of the landslide, i.e. ¢ = 1.5. This integral is computed numerically from the
output of OpenFOAM. Instead of the energy transferred, we can easily compute the final potential energy, i.e.
P(t =2). At time ¢ = 2 s the landslide is at rest so all its energy is potential energy. By subtracting the two
potential energies we obtain the total energy lost by the landslide during its motion. In fact, it is not exactly
the energy transferred to the water (even if we neglect numerical artifices) because of the landslide’s viscosity.
However, once again we assume that the energy lost by viscosity effects is negligible.

3.2.3. Quantities of interest and correlations between the models

The correlations between some physical quantities were investigated in the probe located at the beginning
of the wave propagation zone, i.e. x = 1.35 m. In case of linear correlation, we indicate on the graphs the
coefficient of correlation R2. As the extent of the wave generation zone is not the same for all the tests, the ones
corresponding to the biggest amounts of landslide were not considered when computing the correlation curves
presented here, since the selected gauges are in their wave generation zone, affecting the quantities considered.
Therefore, among the 77 test cases performed, 61 were retained for the correlations.
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FIGURE 6. Comparison between the results of the three models with the same landslide size.
The top line corresponds to the parameters (H, L) = (0.25 m,0.45 m) while the bottom line
corresponds to the parameters (H, L) = (0.45 m,0.25 m). The left column corresponds to a
probe at x = 0.75 m (wave generation zone) while the right column corresponds to a probe at
x = 1.75 m (wave propagation zone).

First, we confirm our observation that the volume of the landslide does not characterize well the wave
generated. In Figure 8] the left graph shows the correlation between the amplitude of the wave generated by the
landslide and the volume of the landslide. It is clear that an information is missing. The right graph illustrates
the correlation between the amplitude and the energy transferred to the water. We observe that almost all the
simulations can be fitted by a logarithm law.

Now we compare the models in function of the energy transferred to the water. Figure [ shows the deviation
of the first wave at the chosen probe in terms of time delay (left column) and in terms of amplitude (right
column) of the shallow water model (first line) and the Boussinesq model (second line). This result confirms
the first observations, that the shallow water model seems to give better approximation for waves generated by
important landslides (in terms of energy) while the Boussinesq model leads to better approximations for small
landslides (see and §3.2.2). In addition, we observe that the shallow water model is always late compared
to the reference Navier-Stokes solution while the Boussinesq model is ahead. The results in terms of difference
of amplitude are not as clear. For the shallow water model, a logarithm deviation seems to appear. However,
the deviation of the Boussinesq model appears as a succession of logarithm that seems to indicate that some
informations are still missing to characterize the flow.
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3.2.4. A shallow water/Boussinesq mized model

Based on the observed behaviors of the simplified models described above, we propose a simple mixed model
for trying to get results closer to the Navier-Stokes reference solution. Obviously one solution would be to use a
fully nonlinear weakly dispersive model, the so called Serre/Green-Naghdi model . In the current state of art
of numerical methods, this model is very hard to simulate, in particular close to dry areas. Even with a very
robust, entropy-satisfying method we were not able to run the test case.

We propose another strategy using the well validated numerical tools. Since the shallow water model gives a
better description of the wave generation process, we propose to use it in the beginning of the simulation, before
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FIGURE 9. Deviation of the first wave at the chosen probe in term of time delay (left column) and
in term of amplitude (right column) of the shallow water model (first line) and the Boussinesq
model (second line).

switching to the Boussinesq model after a certain time. In our case where the water is initially at rest, it leads to
use the shallow water model during the generation process and the Boussinesq model during the propagation one.
However, in a more complex context, as in the case of breaking waves, a space decomposition seems required [20].

It remains the question of the switch time between models. This time (or localization for space decomposition)
can be based on the motion of the bottom. However, to test the idea in this preliminary study, we simply fit
it to reproduce as well as possible the reference Navier-Stokes solution. A visual inspection of the simulations
points out the approximate instant tswitch = 0.75 s as a good choice.

In Figure we add the mixed model, i.e. the model where the numerical simulation switches from the
shallow water model to the Boussinesq model, to the three fluid mechanics models already presented at the
probe z = 2.25 m (far in the wave propagation zone). Two simulations are presented: in the left graph the ones
with the parameters (H, L) = (0.3 m,0.4 m) corresponding to an intermediary amount of energy, and in the
right graph, the ones with the parameters (H, L) = (0.45 m, 0.4 m) corresponding to large amount of energy.

Note that we do not adapt the switch time to the simulations. For both cases, the mixed model leads to a
very good agreement with the Navier-Stokes solution in term of time delay of the first wave. The amplitude
of the wave with the mixed model is significantly larger when the transferred energy is too big. As far as we
understand, this difference can be explained by the fact that for this case the wave energy is large enough for the
wave to break in the Navier-Stokes simulation. This wave breaking phenomenon is not present in the Boussinesq
model. Some breaking wave strategies existing in the literature can probably improve this result.
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FIGURE 10. Comparison between the three fluid mechanics models and the proposed mixed
shallow water /Boussinesq model, for two test cases at the probe x = 2.25 m.

4. INVERSE PROBLEM

The goal of this section is to see if we are able to recover the dynamics of a landslide knowing only the
generated waves at some fixed points. This strategy is not trivial for several reasons. First the form of the
landslide does not follow a general shape, so we look a priori for a function in an infinite space. Then as we see
in the previous section §3] even with “exact” landslide shape, the difference between the simplified models and
the Navier-Stokes model is significant. Eventually, the solutions of hydrodynamic models can be discontinuous.
This kind of solutions are known to be not suitable for inverse problem such as recovering a forcing leading to
them [11].

Anyway this preliminary study is performed to observe the result of the strategy in practice. More precisely,
the first two points are technical problems that, we hope, could be solved with enough work, while the last
one is a theoretical problem that can not be overcame, at least without introducing theoretical tools as Dirac
measure that are complex to use in application contexts. However, It happens that computational strategies not
confirmed by theory lead to good results.

4.1. The methodology

The problem can be summarized by the minimization problem d = argmin ;(.J (J)) associated to the functional

OED S RUCN T EPRORT )

where T is the time of observation, IV > 0 is the number of gauges, x; are their position where the observations of
the free surface n}(t) are realized. These observations can be obtained from experiments or from a reference model
such as the Navier-Stokes model. The free surface of one of the simplified models 7(z, t;d) (7 = h(t, z) —d(t, x) for
the shallow water model and 7 for the Boussinesq model) depends obviously on the bottom elevation. However,
since this dependency is not explicit, the minimization problem has to be solved using numerical tools.

4.1.1. Modeling assumptions

As already mentioned, the bottom elevation d(t,z) is a function in an infinite dimensional space (a priori
in L' with [d(t,z)dz = [ d(0,z)dz + BC thanks to the mass conservation). The minimization problems in
infinite dimensional space are much complex and the numerical resolution is less efficient and less robust than
the same ones in finite dimension. To improve the robustness of the strategy, we assume that the bottom can be
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described by a sum of Gaussian functions, leading to a finite number of degrees of freedom. Each Gaussian is
characterized by its amplitude A(t), its position X (¢) and its standard deviation o(¢) > 0. More precisely we set

M 2
it.0) = ~(B) + Y. A exo <_ (=) )

where M > 0 is the number of Gaussians in our approximation, a priori fixed. Assuming the mass conservation
for each Gaussian, its standard deviation is linked to its amplitude. More precisely, in one dimensional framework

— | NEERIONR N |
0=0, </RAZ(t)exp< ( (1) ) ) d ) I iz((g))ai(o)'
= V70 (Ai(t)oi(t))

It remains to give some assumptions on the form of the time evolution of the Gaussian’s amplitude and position.
For simplicity of the analysis, we assume a linear evolution:

Al(t) = A(z) — ait and Xl(t) = X? — ¢;t.

The initial amplitude AY and position X? are given by the initial condition, so the only parameters to determine
are the decay of amplitude a; € R and the velocity of the displacement ¢; € R. Using the same strategy, in the
case of M Gaussians, we obtain 2M parameters to determine.

4.1.2. Numerical strategy

The minimization problem in a finite dimensional space is solved with a very simple gradient descent
method [22]. In order to limit the number of direct resolutions, we decouple the resolution of each parameter.
More precisely, given a vector of unknown parameters C' (in our case C' = (a;, ¢;)1<i<m) and an initial guess Cp,
we iterate

Cry1=Cp — ay,VEI(C) 9)
where C,, is the n*" approximation of the vector of unknown parameters and a” is the descent step used for the
convergence of the method. V‘SCJ is an approximation of the gradient Vo J of the functional . Here we use
the finite difference approximation, i.e.

th

J(Cy + 8e;) — J(Cy — de;)
2

V& e =

where 0 is the step of the finite difference approximation and e; is the unit vector with all the component vanish
except the i*® one. The descent step is a, is chosen to assure that the sequence of approximations applied to
the functional is decreasing, i.e. J(Cp41) < J(Cy). In practice, we consider the sequence defined by

al  else. (10)

Qi — {wag if J(Cp, —alV%J(Cy)) > J(Cy)
n
with 0 <w < 1. It is clear that the sequence converge and we set o, = lim,_,o .
Note that the estimation of the functional requires one direct computation of a simplified model @ or , and
two more for each parameter to estimate the discrete gradient. More efficient methods based on the alternating
direction method and the secant approximation can be considered.

4.2. The numerical results

In this section, we illustrate the result of the minimization problem for two simple cases. For both simulations,
the simplified model used is the shallow water model. The time of observation is set to ¢t = 2 s, and the gauges
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FIGURE 11. Evolution of the bathymetry (left graph) and the generated surface elevation (right
graph) along time and iterations for the minimization problem of a Gaussian in translation.
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FIGURE 12. Evolution of the bathymetry (left graph) and the generated surface elevation (right
graph) along time and iterations for the minimization problem of a Gaussian in translation with
amplitude decay.

are located every 0.2 m from x = 1.4 m to = 2.0 m. The observations 1} are obtained by computing the model
with the exact solution of the minimization problem (the moving bottom we look for) before forgetting it. The
numerical parameters are set by § = 1072 and w = 0.5 for both simulations.

4.2.1. Gaussian in translation

For this test case, we consider only one Gaussian M = 1 that does not decay in amplitude during the
propagation, i.e. a; = 0. The only parameter to determine is c¢; and it is set to 0.5 to realize the observations.

In Figure the reference solution and the solution obtained along the iterations of the gradient descent
method are plotted. We recover the velocity of the Gaussian with few iterations.

4.2.2. Gaussian in translation with decay

For this test case, we still consider only one Gaussian M = 1 but with a linear decay in amplitude. Two
parameters have to be determined, i.e. (aq,c;) and it is set to (—0.2,0.75) to realize the observations.
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In Figure the reference solution and the solution obtained along the iterations of the gradient descent
method are plotted. We recover the velocity of the Gaussian with few iterations.

In both cases the minimization strategy converges in few iterations to the solution we look for. However, other
numerical tests must be performed before concluding that the strategy can be used in an application context.

5. CONCLUSION

In this paper, we analysed the relevance of the use of the shallow water model or the Boussinesq model to
simulate tsunamis generated by a landslide. Two questions were considered.

First we compared the two models to a reference solution obtained using the Navier-Stokes model. This
comparison highlighted the fact that the Boussinesq model is not able to represent the wave generated in the
wave generation zone. For large enough landslide, even in the wave propagation zone (at least not too far from
the wave generation zone), the shallow water model is more efficient. We propose a strategy based on a switch
from the shallow water model during the generation of the wave to the Boussinesq model during the propagation
of the wave. This strategy seems relevant to improve the results of the simulations. Another solution, more
satisfying in theory, is the application of more sophisticated models, as the Serre/Green-Naghdi model. However,
it seems that more robust schemes, in particular for moving bathymetry or stiff solution, are required.

In addition, we highlighted the fact that the landslide is not well characterized by the volume of the landslide
but can be better characterized by the energy transferred to the water. This energy is well correlated to the
initial potential energy of the landslide that can be determined by the initial condition.

Finally, we addressed the question of the possibility of determining the landslide from the generated wave. It
was formulated as an minimization problem, in which we searched the time-dependent bottom that minimizes
the difference between a reference surface elevation and the computed surface elevation obtained by the bottom
to be determined. The question was brought back to a limiting number of unknowns to determine by assuming
that the bottom can be well represented by a finite (small) number of Gaussians with parameters following some
empirical laws. Even if our computational analysis was too limited to conclude, the numerical strategy was
validated in simple cases. Deeper computational analysis is however required, in particular a crucial point will
be to determine if the sum of Gaussians is able to well approximate a realistic landslide by the inverse problem.
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