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SUMMARY

Numerical models are a powerful tool for understanding and predicting the impact of landslide-
generated tsunamis. We use here the HySEA code which incorporates a multilayer structure and
non-hydrostatic pressure to simulate the tsunami generated by a potential submarine landslide
located offshore of the Mayotte island. The island is surrounded by a lagoon and steep slopes
weakened by the 2018 seismo-volcanic crisis. The influence of the input parameters and
of the model assumptions is shown to change by a factor 2 the predicted maximum water
free surface elevation, velocity and maximum inundation depth. This demonstrates the need
of using numerical models for building local scaling laws to relate tsunami and landslide
properties. Our results highlight the necessity of incorporating high-resolution bathymetry,
in-depth variations through multilayer modeling and relevant landslide rheology to accurately
predict tsunami impact. In case of strong topography variations as in Mayotte, using four layers
seems to be a good compromise between accuracy and computational cost. Accounting for
these effects would enable to refine hazard maps by identifying safe and high-risk coastal zones
and to improve wave arrival time estimates, thus reducing tsunami-related risks in regions like
Mayotte.

Key words: Numerical modelling; Tsunamis; Submarine landslides..

tsunami hazards is essential for reducing the risk of catastrophic

I INTRODUCTION events on communities. Such assessments often involves hazard

Neumann et al. (2015) estimate that 625 million people live in low-
elevation coastal zones, that is, altitudes below 10 m. That number
is expected to increase in the near future and reach 1 billion by 2030,
mostly concerning population in least developed countries. Tsunami
risk is growing due to climate change and the denser concentrations
of people living in these area. While earthquakes are responsible of
about 80 per cent of all historical tsunamis, landslides come second
with 5 percent as reported by Harbitz ef al. (2014). In addition,
when landslides are not the sole source of tsunamis, they are also
reported as a contributing factor in a further 13 per cent jointly with
other sources, sometimes as the main tsunamigenic source. Hence,
the landslide contribution is often strong when both earthquakes and
landslides are involved. Identifying and assessing landslide-induced

or probability maps, which inform early-warning systems, evacu-
ation plans, and the development of natural or engineered coastal
defenses.

1.1 Landslide tsunami hazard assessment

Landslide-induced tsunami hazard identification and assessment
is a challenging task due to its multidisciplinary aspect (Roger
et al. 2024). This paper focuses on one of the major component
of tsunami hazard identification and assessment: numerical model-
ing of landslide-generated tsunamis. Calibrated towards laboratory
experiments (e.g. Grilli ef al. 2002; Ma et al. 2015; Poulain ez al.
2023) and past landslides and tsunamis in the field (e.g. Crosta
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et al. 2016; Brunet et al. 2017; Gylfadéttir et al. 2017; Paris et al.
2019; Svennevig et al. 2024), numerical models are a powerful
tool capable of quantifying tsunami height and velocity over a re-
alistic bathymetry for a given landslide scenario. Yavari-Ramshe
and Ataie-Ashtiani review the available approaches in the litera-
ture and show the large variety of existing models (Yavari-Ramshe
& Ataie-Ashtiani 2016, table 3). Each model implements differ-
ent degrees of complexity when resolving the water part: (i) 2-D
and 3-D hydrostatic models with no dispersion effect that include
nonlinear Shallow Water equations (Harbitz 1992; Allgeyer et al.
2019; Poulain ef al. 2022); (ii) Boussinesq or one-layer weakly dis-
persive models (Lynett & Liu 2002; Aissiouene et al. 2020); (iii)
Multilayer non-hydrostatic dispersive models (Macias ef al. 2021a,
b); (iv) Reynolds-Averaged Navier—Stokes (Liu et al. 2005) and
Large Eddy Simulations (Mokhtarzadeh et al. 2021) models; and
(v) full Navier—Stokes models (Mangeney ef al. 2000; Abadie et al.
2010; Allgeyer et al. 2019). Note that the performances of these
models against observations may be evaluated thanks to techniques
such that the Nash—Sutcliffe model efficiency coefficient (Mathevet
et al. 2023). These models are implemented in numerical codes that
are currently in use and undergo continuous development: see for
example FUNWAVE (Kirby et al. 1998), Basilisk (Popinet 2003),
HySEA (Macias et al. 2015, 2021a, b), OpenFOAM (Rauter et al.
2022) or SWASH (Ruffini et al. 2021). The reader is referred to
Kirby et al. (2022); Yavari-Ramshe & Ataie-Ashtiani (2016); Mar-
ras & Mandli (2021) for more details. Concerning landslide model-
ing, the increasing complexity in the models aim at reproducing the
behaviour of the mixture between the granular material and the fluid.
More accurate models include advanced rheological formulations
concerning particle interaction and pore fluid stresses (e.g. Rauter
et al. 2022). One finds in the literature: (i) depth-averaged mod-
els (e.g. Fernandez-Nieto et al. 2008; Grilli et al. 2017; Delgado-
Sanchez et al. 2020; Gueugneau et al. 2021); (ii) Navier—Stokes
models (e.g. Heinrich et al. 1999; Rauter et al. 2021); and (iii)
particle-sized models like Smoothed Particle Hydrodynamics or
Discrete Element Method (e.g. Radjai & Dubois 2011; Guan & Shi
2023). A comparison between these different methods is performed
by Martin et al. (2023).

Regardless of their complexity, numerical models have well-
known limitations, especially when simulating real-world events.
The two primary challenges stem from limited computational power
(see e.g. Windows-Yule ef al. 2015) and gaps in data or under-
standing of the underlying physical processes. Masson et al. (2006)
emphasize that the reliability of numerical outputs are sensitive to
the quality of available field data. In particular, field data related to
a geophysical description of the underburden, including different
geophysical horizons, geotechnical properties of soils or composi-
tion and stability of joints and faults (in the case of rock slopes), are
all of first order importance. The generation and release probability
mechanism also involves a high degree of uncertainty that should
be embedded in prognostic forecasting (Levholt e al. 2020). Bathy-
metric data is another important source of uncertainties (Hare et al.
2011; Svennevig et al. 2024) since high-resolution data (lower than
1 m) are rarely available (Cannat et al. 2013). Probabilistic and sta-
tistical methods are well suited for dealing with these uncertainties.
Several groups have attempted sensitivity analyses (Tinti et al. 2000;
Gonzalez-Vida et al. 2019; Sabeti & Heidarzadeh 2022; Esposti
Ongaro et al. 2025) sometimes coupled with advanced probabilis-
tic/statistical techniques (Behrens & Dias 2015; Sanchez-Linares
etal 2015; Zhao et al. 2021; Mulia et al. 2022; Tozato et al. 2023)
to investigate the uncertainties related to input data. For earthquake
tsunamis, Probabilistic Tsunami Hazard Assessments approaches

have become a standard (Grezio et al. 2017, and reference therein).
For landslide tsunamis, probabilistic methods are less developed,
but have been employed for local settings where there are rich
availability of past landside data (Lane et al. 2016; Esposti Ongaro
et al. 2025) or detailed assessment of local slope stability (Levholt
et al. 2020, 2025). To this end, improved modeling capabilities for
the tsunami generation will reduce modeling uncertainty.

1.2 Context and background on Mayotte

The volcanic island of Mayotte is located in the Indian ocean and
is composed of Petite Terre and Grande Terre. The island catches
the attention of researchers and the French government since the
beginning of an intense seismo-volcanic crisis in 2018 (Mercury
et al. 2022). The location of earthquakes near steep slopes and
the construction of a new volcanic structure (Feuillet ez al. 2021)
may trigger submarine instabilities, in particular east of Mayotte
(Roger 2019). The two islands Petite Terre and Grande Terre are
surrounded by a well-developed shallow submarine shelf defining
a lagoon (Fig. 1). The shelf corresponds to a significant topogra-
phy change, from shallow slopes on the shelf (< 9°) to flanks with
maximum local slopes of 25° to 60° (Lemoine et al. 2020b; Poulain
et al. 2022). The flanks are prone to tsunamigenic gravitational in-
stabilities given the repetitive seismic activity located 5—15 km from
the coast east of Petite Terre. In deeper water, gullies and canyons
form large valleys which may control the circulation of sediments.
Studies on Mayotte concern mainly the volcanic and seismic activ-
ities (Roger 2019; Lemoine et al. 2020a; Saurel ef al. 2021; Thinon
et al. 2022; Mercury et al. 2022, 2020; Sultan et al. 2023). After a
preliminary overview considering 62 tsunami scenarios performed
by Lemoine et al. (2020b), both of seismic and non-seismic sources,
Poulain ef al. (2022) focus on the modelling of the tsunami impact
related to submarine landslides. The authors couple two numerical
codes: hydrostatic HySEA (Fernandez-Nieto et al. 2008; Escalante
et al. 2019; Macias et al. 2020) and FUNWAVE-TVD (Wei et al.
1995; Kennedy et al. 2001; Chen 2006; Shi et al. 2012). They
test hydrostatic/Boussinesq (i.e. non-dispersive and weakly disper-
sive) numerical models and the influence of the initial landslide
volume through eight different submarine scenarios. However, this
coupling introduces additional errors and reduces the computational
efficiency. We will focus here on one of the most threatening subma-
rine scenario, identified by Lemoine ez al. (2020b) and considered
by Poulain et al. (2022), using only the multilayer code HySEA de-
scribing the landslide dynamics as well as tsunami generation and
propagation.

1.3 Motivation and objectives

While a few landslide-tsunami studies have included in-depth vari-
ation in the models using multiple layers in the vertical direction
(Macias et al. 2017; Pedrosa-Gonzalez et al. 2022; Bonilauri ef al.
2024), few have numerically tested the influence of the number of
layers, with the notable exception of Ongaro et al. (2021). This pa-
per builds on Poulain et al. (2022), delving deeper into the impact
of input parameters. Leveraging recent advancements in HySEA
(Macias et al. 2021a, b), we conduct a robust sensitivity analysis
focusing on newly introduced features controlling the dispersive
properties of the model: multilayer structure and non-hydrostatic
pressures. Since these new features are computationally demand-
ing, evaluating their impact on the final results is crucial to deter-
mine whether their inclusion is necessary. In particular, are these
new features of great influence on the computed waves hitting the
Mayotte’s coasts? We are also interested in the influence of crucial
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Figure 1. Mayotte bathymetric data and computational domain considered in this study. The two islands Petite Terre and Grande Terre are surrounded by a
well-developed shallow submarine shelf defining a lagoon. The zoom on the right indicates the sensible areas in terms of strategic infrastructures.

parameters such as the grid resolution or the landslide related pa-
rameters. This sensitivity analysis will greatly help in the results
interpretation and the choice of many input parameters, given the
large uncertainties presented in the literature. As a first attempt to
investigate the sensitivity of input parameters on Mayotte simula-
tions, we restrict ourselves to a single volume configuration, such
as in Gonzalez-Vida ez al. (2019). We also keep statistical and prob-
abilistic techniques for next studies.

Although landslide-tsunami models are currently employed for
hazard assessment and risk analysis (Leone e al. 2011), significant
uncertainties remain unquantified. These uncertainties are highly
dependent on factors specific to the simulated event, such as to-
pography, material properties, landslide volume, and water depth.
Our objective here is to quantify the variability of the sea eleva-
tion, runup and tsunami impact velocity induced by: (i) the hydro
versus non-hydrostatic approximation; (ii) the precision of the flow
description in the vertical direction (from depth-averaged to multi-
layer equations); (iii) the bathymetry resolution; and (iv) the land-
slide rheology. The Mayotte configuration is a generic case study
involving a coral reef, which often happens in oceanic islands. The
coral reef induces strong variations of the bathymetry and related
effects on the tsunamigenesis.

The rest of the paper is organized as follows: Mayotte’s field data
and the selected scenario are presented in Section 2; the multilayer
HySEA code is introduced and its Shallow Water models for both
the landslide and the water waves are described in Section 3; the
reference case is presented in Section 4; the sensitivity analysis is
performed in Sections 5, 6 and 7; this work is concluded in Section 8.

2 SCENARIO AND FIELD DATA

2.1 Mayotte’s bathymetric and sea floor data

The accurate description of the bathymetry is known to have a major
influence on tsunami propagation. Bathymetric data are shown in
Figs 1 and 2 and are taken from Lemoine et al. (2020b). The data
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Figure 2. Bathymetry and landslide sources from Lemoine et al. (2020b).
Circled submarine landslide scenarios are those considered by Poulain et al.
(2022).

are based on Gebco 2014 (https://www.gebco.net), HOMONIM
SHOM DTM (100 m resolution, https://data.shom.fr), MAYOBS
1 (Feuillet ef al. 2021) (30 m resolution), bathymetric surveys of
SHOM (25 m resolution, https://data.shom.fr), and litto3-D (lidar
data at 1 m resolution, https://data.shom.fr). All these data are gath-
ered to build a 10 m resolution Digital Elevation Model (DEM) on
the computational domain shown in Fig. 1. The coordinate system
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Figure 3. (Left) Initial released mass for the considered scenario called Piton 200. (Right) Cross-section (AA”) of the bathymetry and of the initial released

mass.

used and displayed for all the figures is EPSG:4471-RGM04/UTM
zone 38S. The Histolitt coastline from SHOM is represented on all
the figures by a bold black full line. The main specificity of this
bathymetry is the steep slope at the coral reef with typical water
depths of 1000 m east of the reef and 30 m in the lagoon (Fig. A1).

Fig. A2 shows the spatial distribution of the Manning coefficient
involved in the bed-water friction law (Section 3.1). The Manning
coefficient is based on sea floor morphology as characterized in
the ‘Corine Land Cover’ database and local coral reef (Lemoine
et al. 2020b). Given the condition of the sea floor, a corresponding
Manning coefficient has been taken from the literature (Bunya et al.
2010). Note that the Manning coefficient is higher along the topog-
raphy change at the border of the coral reef compared to its value
elsewhere below the ocean.

2.2 Selected scenario

A key challenge in landslide-tsunami hazard assessment is con-
structing realistic landslide scenarios. This difficulty arises primar-
ily from limited data on tsunamigenic landslide volumes, locations,
occurrence rates, digital elevation models, and gaps in understand-
ing landslide dynamics and material behavior (Levholt ez al. 2020;
Roger et al. 2024). In their exploratory study, Lemoine et al. (2020b)
simulated tsunamis generated by 32 submarine landslide scenar-
ios around Mayotte. The authors identify the most threatening
events to the local population and infrastructures from: (i) initial
sea surface deformation modeled using TOPICS (Tsunami Open
and Progressive Initial Conditions System) tool; (ii) the empirical
GEOWAVE model (Watts et al. 2003), based on well-tested param-
eter values. Using more advanced landslide-tsunami simulations,
Poulain et al. (2022) build and analyse 8 submarine landslide sce-
narios from the most impactful events with diverse volumes and
depths (circled in Fig. 2), providing hazard maps to the local French
authorities. However, at that time, they use the hydrostatic depth-
averaged version of HySEA coupled with the wave propagation code
FUNWAVE-TVD.

Using a single and more precise numerical model, we focus
our study on one submarine scenario called Piton 200 selected
for the potential threat it represents to the local population and
infrastructures (Lemoine ef al. 2020b; Poulain et al. 2022). The
collapse structure and extent of Piton 200, described in Fig. 3, are
defined by a geomorphological analysis of bathymetric surveys. The
collapse structure is located at the shelf with slope transition close
to Petite Terre (2.5 km) at depths between 50 and 600 m below

sea level. it involves a volume of 200 Mm?. The Piton 200 scenario
meets three of the four hazard characteristics of submarine landslide
tsunami cited by Roger ef al. (2024): (i) rapid arrival time or short
tsunami travel time, (ii) relatively large wave amplitudes, and (iii)
lack of forewarning.

2.3 Gauge locations

Fig. 2 presents the locations of the six virtual wave gauges used
in this study. Gauge n° 3 is positioned at the Piton 200 location
(76.5 m depth) and gauge n° 4 is located 5 km further offshore to
provide wave observation in front of the landslide and at greater
water depth (1106 m depth). Three additional gauges are put closer
to the coast. These gauges have been positioned around major as-
sets for the island: the airport runway, the terminal for the ferry that
links Petite Terre and Grande Terre, and the DEALM (Direction de
I’Environnement, de I’Aménagement, du Logement et de la Mer).
The airport gauge n° 1 is located in the commune of Pamandzi
at the end of the current runway (3.23 m depth). The gauge n°
6 is placed 2.3 km east of the airport gauge (same Y coordinate
as the airport gauge) on the other side of the reef (466 m depth).
This gauge corresponds to the location where the vertical veloc-
ity profile is animated: animationEastAirportVelX.mp4 available in
the supplementary material. The gauge n° 6 also defines the cross-
section at constant ¥ coordinate with the airport gauge: Fig. Al,
animations animationlLayer.mp4 and animation6Layer.mp4 avail-
able in the Supporting Information. The pier’s gauge n° 5 (Ponton)
at 9.8 m depth is located in Dzaoudzi and also represents a critical
infrastructure asset, as commuter traffic between Petite and Grande
Terre is a daily occurrence. Finally, the gauge n° 2 on Grande Terre
(DEALM) is located at 2.5 m depth near the DEALM building at
M’tsapéré, south of Mamoudzou. These gauges allow a more lo-
cal analysis and a closer look to the results at the selected critical
locations. Only the 4 first gauges Airport, DEALM, Piton200 and
Offshore are included in the main text. For convenience, the gauge
data for gauge n° 5 (Ponton) are shown in Appendix D. Table A2 of
Appendix D provides the exact coordinates (m) and the depth (m)
of these 6 gauges.

3 NUMERICAL MODEL

Multilayer HySEA (Hyperbolic Systems and Efficient Algorithms)
is part of a family of long wave landslide-tsunami models (Macias
et al. 2021a, b). HySEA 1-layer models have been widely used and
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tested against laboratory experiments (e.g. Poulain ez al. 2023) and
field scale events (e.g. Linares-Sanchez et al. 2011; Gonzalez-Vida
et al. 2019). HySEA models simulate both the granular mass and
the water flow, as well as the coupling between the two via a friction
term at the landslide/water interface (Macias et al. 2021a, b) (Fig. 4).
The landslide is described by the depth-averaged Savage-Hutter type
equations. In 1-layer models, depth-averaged equations for the water
motion are considered, including non-hydrostatic water pressures.
In multilayer HySEA, on top of the landslide, several layers may
be used to describe the water motion. This allows solving part of
the vertical structure of the water flow, making it possible, for ex-
ample, to describe velocity profiles (Fernandez-Nieto ef al. 2016;
Garres-Diaz et al. 2020; Escalante ef al. 2023). Adding vertical dis-
cretization (several layers) allows to better capture the dispersion
effects as shown in Macias et al. (2021a). In each layer, the shallow
water equations are solved in the X — Y plane and the quantities
are averaged in the vertical Z-direction over the layer thickness.
Note that the shallow approximation and depth-averaging are made
in the vertical direction for both the landslide and the water lay-
ers while it should be done in the direction perpendicular to the
slope for the landslide and in the vertical direction for the wa-
ter (Delgado-Sanchez et al. 2020). However, models accounting
for both this effect and multilayer discretization do not presently
exist.

3.1 Landslide-tsunami model with one water layer

Let us first recall the so-called 1-layer model which consists of
1 layer describing the landslide and 1 layer describing the water
behaviour. The equations include non-hydrostatic effects (i.e. dis-
persive effects) only in the water even though these terms also play a
role in landslide dynamics (Garres-Diaz et al. 2021). The resulting
equations read:

9 h+0d(hu)+9,(hv)=0

d(hu)+ 3, (hu® + 1gh®> + h p) + 9, (huv)
:(gh+p)3x(H_hs)_Sv

3 (hv)+ 0, (huv)+ 9, (hv* + %ghz—i—hp) (1)
=(h+p)d,(H—h)—S,

O(hw)+oc (hwu)+ 9, (hwv)=p

Vou+ 2R =0,

where the unknowns of system (1) are the water surface height #,
the horizontal water velocity vector u = (1 v), the vertical water
velocity w, the non-hydrostatic pressure p, the landslide thickness
h and its horizontal velocity ug = (u, v,). Offshore, the total water
height /4 is defined as 4 = H + n where H(x, y) is the height of the
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water at rest above the bed and n the sea surface elevation. Inland,
H(x, y) becomes negative and —H > 0 denotes the topography el-
evation above the sea level at rest. The water free surface elevation
above the water level at rest becomes # — H and 4 is still the height
of the water column above the topography. Fig. 4 describes the no-
tations, both inland and offshore. Eq. (1) simulates the water flow
inland and offshore the same way. No distinction is made by the
model between inland and offshore zones and no additional model
or treatment is needed to resolve the flow inland, outside the usual
wet/dry transition treatment at small water depth (Castro et al. 2005;
Macias et al. 2021a). The gravity acceleration is denoted by g. The
last equation of system (1) is the incompressibility condition and
involves the vertical velocity at the free surface w, and the verti-
cal velocity at the bottom wo = —9,;(H — h;). The non-hydrostatic
pressure is assumed to be zero at the free surface. The friction
term
n?
§=(S. 8)=ghyzllulu—me(u; —u

involves the empirical Manning coefficient n, controlling the wa-
ter/bottom friction, and the empirical granular mass/water friction
coefficient m;.

The landslide unknowns #hg, ug, v, obey the reduced-
gravity Savage—Hutter model (Savage & Hutter 1989), which
reads

0 hy + 0x (hsug) + 9, (hsvs) =0
8t(hs us) + 0y (hsug + %(1 - V)ghg) + 8y (hs Usg Us)

= =r)ghsd. (H = hs) — S« 2)
3 (hs vy) + By (hsus vg) + 3, (hv? + 5(1 —r)gh?)

= —-r)ghsd,(H — hy) = S;,,

where the friction term writes
Uy

Ss = (Ssxs Ssy) =gl —r)n hsm +7rmys(ug —u).

Ineqs(2), buoyancy induces a factor 1 — » that multiplies the gravity
g where r is the density ratio between the constant fluid density p¢
and the constant grain phase density ps
3
Ps

The buoyancy effects are only taken into account when the landslide
is underwater. In this paper, the fluid density is taken to be pr = 1000
kg.m™ and the grain phase density is p; = p, ® where p, = 2500
kg.m™3 is the grain density and & the solid volume fraction. The
solid volume fraction @ is included in the sensitivity analysis and
its values are discussed in Subsection 3.3. The friction coefficient p
plays a key role in the granular mass motion (Savage & Hutter 1989;
Greve & Hutter 1993; Pouliquen & Forterre 2002; Mangeney et al.
2007). Three different formula are tested in this paper, going from
the constant Coulomb friction coefficient ¢ to the more complex
Pouliquen and Forterre friction coefficient up as well as the (/)
rheology:

e = tan(8y), 4)
tan(8,) — tan(8;)
L+ B 1% 7

) (tep — if F

Mestart + B (Mstop Mstan) ifFfr<pg
tan(é,) — tan(é

(1) = tan(ay) + 220 Z1anC) (©)

I+ 3
The parameter d is of the same order of magnitude as the grain
diameter and is included in our sensitivity analysis (Table 1). The

3)

tan(8;) + ifFr>p

Hp = (&)
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Table 1. Performed simulations. Friction coefficients y are respectively given by eqs (4), (5) and (6). The final time is set to #f = 3600 s for all simulations. *
the 30 m bathymetry is smoothed thanks to a Gaussian filter of kernel 3 x 3. Hydro type: Hydrostatic (H) or Non-hydrostatic (NH).

Simulation Hydro Layer Grid Solid Grain Friction Rheology Manning Mass Initial
type n°® res. volume size angles (s m~1/3) water friction water
(m) fraction d (m) 8(°) (ms~1) elevation
@ 51 82 83 (m)
Ref NH 3 30 0.8 1 717 — () Fig. A2 0.004 0
Smoothed NH 3 30* 0.8 1 717 — u(l) Fig. A2 0.004 0
Hydro H 1 30 0.8 1 717 — w(l) Fig. A2 0.004 0
1 Layer NH 1 30 0.8 1 717 — n(l) Fig. A2 0.004 0
6 Layers NH 6 30 0.8 1 717 — n(l) Fig. A2 0.004 0
10 Layers NH 10 30 0.8 1 717 — n(l) Fig. A2 0.004 0
10 m grid NH 3 10 0.8 1 717 — () Fig. A2 0.004 0
50 m grid NH 3 50 0.8 1 717 — u(l) Fig. A2 0.004 0
D =0.6 NH 3 10 0.6 1 717 — () Fig. A2 0.004 0
0.1 m grain NH 3 30 0.8 0.1 717 — n(l) Fig. A2 0.004 0
0.5 m grain NH 3 30 0.8 0.5 717 — n(l) Fig. A2 0.004 0
3° friction NH 3 30 0.8 1 313 — w(l) Fig. A2 0.004 0
11° friction NH 3 30 0.8 1 1121 — () Fig. A2 0.004 0
Coulomb NH 3 30 0.8 1 7 — — e Fig. A2 0.004 0
Pouliquen NH 3 30 0.8 1 7179 np Fig. A2 0.004 0
Cst Manning NH 3 30 0.8 1 717 — n(l) 0.025 0.004 0
mg =0 NH 3 30 0.8 1 717 — () Fig. A2 0 0
+1 m water NH 3 30 0.8 1 717 — w(l) Fig. A2 0.004 +1

Froude number is defined as

Al ik > 0,
Fr = A/ &(1=r)hs (7)

0 otherwise.

We use § = 0.136 as in Pouliquen & Forterre (2002) even though
this was calibrated for glass bead flows in the experiments. For 0 <
Fr < B, the friction coefficient p involves the following quantities
tan(8p)—tan(8;)

hs

d

Mstop = tan(8;) + w
d

Mestart = tan(53) +

and the empirical parameter x = 0.001 which is of small influence
on the results as soon as xy < 0.01 (Poulain ef al. 2023). Eq. (6) is a
common expression resulting from steady flows on constant slopes
(Jop et al. 2006) with the inertial number / chosen here as in Martin
et al. (2023)

5
5 llusll d

! ho/g(L =) h @
The empirical value of the constant /, = 0.279 comes from Jop
et al. (2006) and Martin et al. (2023). The solid volume fraction in
the inertial number / is empirically taken to be & = 0.6 for all sim-
ulations. Changing @ in the inertial number / does not significantly
affect the simulation results. Note that the (/) rheology make use
of'two angles §; and §,, The Pouliquen and Forterre law wp involves
three angles &, §; and 8; while the Coulomb rheology only uses
one friction angle 4.

®)

3.2 Multilayer discretization for the water motion

The landslide part is governed by the same equations since only
the water column is divided into several layers. The water column
of thickness % is decomposed into L sublayers of size /, /4, where
Zé:l l, = 1 as illustrated in Fig. 4. It is usually considered that

l, = 1/ L, although other definitions exist (Bonaventura et al. 2018).

The unknowns of system (9) are now the total water thickness #,
the horizontal water velocity vector u, = (u, v, ), the vertical water
velocity w, for each layers « = 1, --- , L and the non-hydrostatic
pressure po—1, at the lower interface of each layer

a—1

Z=Zg-12 = Zlﬁh+hs_H
p=1

The vertical averaged velocity is given by (& v) = Z$:1 Iy u,.
The mass and momentum equations including non-hydrostatic
(i.e. dispersive) effects read

0, Us + 0 Fr+ 9, Gt + By = Hy + Kny — Sy, )
VNH'UfZO.

The conservative terms Fy, G and the pressure gradient H are

h
" hu,
Ue= 114y ’
| L/ we {e=1,...L}
= ni -
hu? )
Fr = hug v, ’
L —h Ua wo‘— {a=1,....L}
= no -
hug vy ]
G = hv? ’
| L/t ve wo | {a=1,...0}]
0
—gho.(h+hy,— H
H, — ghox(h+ )

—ghd, (h+h, — H)
0

The breaking dissipation model and the friction terms are defined
in S;. The friction terms S; are only non-zero in the bottom layer
a = 1 and the breaking model is defined for the vertical momentum

G20z 1SNBNy gz UO Jasn QueS N|g Seuedsaq sked dNsioaun Aq 6029/ 18/2€24eB6/c/zyz/al0meB/woo dno oiwepeoe)/:sdny wolj papeojumoq



equation at each layer
_ 0 _

2
2 2
gh/lZ4/3u1\/ ui + vy — me(us — uy)

2
n /,,2 2
gh11h4/3 ] Ml + Ul - Mf(US - Ul)
w
my
0
0

w
L My Lia=....1} i

Following (Scala et al. 2024, eq. 8), the coefficients for the breaking
dissipation model are defined in the following form,

C
e = o0+ 0, )P 10)

for a =1,..., N, with C =35 max(“ﬂﬁ2 —

0.4v/gh
et al. 2010).
The non-conservative products B¢ describe the momentum trans-
fer across layer interfaces

1, 0) (Roeber

0
(uot+1/2ra+1/2 - Ma—l/Zrafl/Z)/la
(Wat1/2Tat1/2 = Va—12Ta—12)/ La
(War1/2Tat12 = Wamrplam12)/la | oy 4,

By =

with F]/z = FL+1/2 =0and

Taviz = ) 1p(3:(h(i — up)) + 3, (h(D — vp)))
B=1
a=1,...,L—1.

Interface velocities are defined as 1/, = %(u(x + uy41) and ana-
loguous definitions for ve41/2 and wy1/2. The term Ky takes into
account the non-hydrostatic effects

0
—0x(h Pa) + (Pat1/20xZat1/2
— Pa-1/20:Zq-172)/ L
_8y(h pa) + (pa+1/28yza+l/2
— Pa—1/20yZa-12)/ la
—(Pas1y2 — pozfl/Z)/loz (@)

KNH =

fora =1,..., L, where p, = (po+1/2 + Pa—1/2)/2 and
Zip=hs—H, zppp=n=h+h—H
Pr+12 =0.

Note that the pressure at the free surface is usually set to zero.
Finally, the system is completed with the discrete incompressibility
condition at each layer

Van - Ur =0,
being

llhax(hu]) - Zlhulaxh

+11hay(hvl) — llhvlayh

+2(hw1 - th)
W - Ur = (httgqr — hua)axzaJrl/Z
+(hva+l - hva)ayzoﬁ—l/Z
_(hwoc+l - hwa) (o}

for « =1,..., L —1 and where wy is still defined by wy =
—0,(H — hy).

Multilayer HySEA implements a parallelized version of the de-
scribed numerical method on GPU architectures (Castro et al. 2011;
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Escalante et al. 2018). The numerical discretization of the system is
presented in Appendix F. The reader is referred to Fernandez-Nieto
et al. (2008), Macias et al. (2021a, b) and Escalante et al. (2018)
for more details about the numerical method.

3.3 Unknown parameters and model assumptions for the
sensitivity tests

We perform a series of numerical simulations, listed in Table 1, by
varying key parameters involved in the model around a reference
simulation (Section 4). In all simulations, the final time is set to
te = 3600 s and open boundary conditions are prescribed thanks to
sponge layers absorbing the waves. The size of this sponge layer
is defined to be four cells and thus depends on the grid resolu-
tion. The reference simulation has the following features: (i) non-
hydrostatic three layers simulation; (ii) 30 m bathymetry grid; (iii)
w(I) rheology; (iv) first friction angle 8, = 7°; (v) a characteristic
grain size diameter d = 1 m; (vi) a solid volume fraction ® = 0.8;
(vii) the spatialized Manning coefficient of Fig. 2 varying with the
bed properties between 0.025 and 0.2 s.m~'/3; and (viii) a land-
slide/water interface friction m; = 0.004 m.s~'. Each simulation
differs from the reference case by only one parameter for consis-
tency and comparison purposes. The only exception concerns the
Hydro simulation which is hydrostatic with 1 layer in the water col-
umn. For all the simulations, the same friction angles’ differences
are kept for all the sets: 6, — 8, = 10° and 83 — 8, = 2° as done
in Pouliquen & Forterre (2002), Poulain ef al. (2023) and Brunet
et al. (2017) (see also the discussion in Poulain et al. (2023) for the
choice of the friction angle). In the following, we refer to a set of
friction angles only by the first one §;. We varied the first friction
angle §; by decreasing/increasing it by 4°, giving §; = 3°, §; = 7°
and §; = 11°. Note that § = 11° approximately corresponds to the
friction angle given by the law . = V%97 with I the landslide
volume, fitted empirically by Lucas ef al. (2014) on subaerial land-
slides. The effect of the solid volume fraction & has been tested in
the grain phase density. The order of magnitude of the maximum
packing fraction of mono-disperse granular media is 0.6 but this
volume fraction increases for poly-disperse materials (Andreotti
et al. 2013). We have thus considered two typical values ® = 0.6
and ® = 0.8 in this paper. We also considered different values
for the parameter d (0.1 and 0.5 m) as well as for the Manning
and interface friction parameters, which are generally highly uncer-
tain.

The 10 m resolution DEM from Lemoine et al. (2020b) is de-
graded for obtaining the 30 and 50 m grids. The resolution degrada-
tion is performed by removing rows and columns from the raster of
data to avoid additional treatments (like interpolations) and uncer-
tainties. The 30 m resolution for the grid is chosen for the reference
case for its reasonable computation time given all the performed
simulations and our computational capabilities: Appendix E Ta-
ble A3 as well as Fig. A10. To quantify bathymetry effect, we: (i)
reduce the quality of the 30 m DEM while keeping the same number
of grid points in the numerical scheme; and (ii) decrease/increase
the accuracy of the DEM with decreasing/increasing the number
of grid points. We consider 10, 30 and 50 m grids in this paper.
Concerning the first point (i), we reduce the bathymetry quality by
smoothing the DEM: ‘Smoothed’ case in Table 1. The smoothing
process is implemented using a 3 x 3 kernel window Gaussian fil-
ter, which is commonly used for bathymetric data as it balances
the need for noise reduction and the preservation of the spatial
resolution. The kernel’s coefficients were calculated based on the
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Gaussian function, which is defined as

_xa2y?
e 20?2

Gx,y) =

2ol

where x and y are the distances from the kernel’s center, and o
is the standard deviation of the Gaussian distribution. The value
o = 3 was chosen to ensure that the filter effectively smooths the
data without overly blurring important features of the bathymetry.

Another source of uncertainty is the initial water level which
varies with time due to the tide and which is expected to increase
between 63 cm up to 1.32 m at the end of the century (Portner
et al. 2019; Intergovernmental Panel on Climate Change, IPCC).
We consider a case where the initial water level at rest is increased
by 1 m: ’+1 m water’ case in Table 1.

Concerning the model assumptions, the hydrostatic approxima-
tion, leading to much simpler equations and comparatively very
low computational cost, is not always valid. Non-hydrostatic pres-
sures are sometimes required, as widely observed in the litera-
ture (Kirby et al. 2022; Poulain et al. 2023). Outside of the la-
goon of Mayotte, it is likely to find wavelengths with the same
order of magnitude as the water depth H (Poulain e al. 2022),
thus challenging the hydrostatic approximation. We will investi-
gate here the differences between hydrostatic and non-hydrostatic
simulations.

Another key point here is to investigate the effect of adding
layers in the vertical directions (i.e. increasing the vertical dis-
cretization) to describe the water motion in the non-hydrostatic
case. Three layers are recommended by Macias ef al. (2021a) cor-
responding to the better compromise between accuracy and com-
putational cost. Indeed, they show that a 3-layers model reproduce
the phase velocity from the Airy’s theory with a good accuracy
for 0 < k H < 15 where k is the wave number. Using less layers
significantly increases the error in this range of k& H. Here, the
number of layers is taken between 1 and 10. Finally, the break-
ing wave mechanism described in eq. (10) has also been tested
(Scala et al. 2024). We restrict ourselves to the parameters listed
in Table 1 for the sake of clarity of this paper and these results
are shown in the Supporting Information. The maximum sea sur-
face elevation is shown in Fig. S10 (Supporting Information) when
the breaking model is active. For comparison purposes, Fig. S10
(Supporting Information) also includes the maximum sea surface
elevation for the reference case (Fig. 9c). This feature affects the
maximum sea surface elevation but the difference remains limited.
In particular, the same amount of waves seems to pass the lagoon in
both cases.

4 LANDSLIDE AND WATER WAVE
DYNAMICS FOR THE REFERENCE
CASE

Fig. 5 shows the water wave propagation in the reference case. The
landslide mass flows downwards the slope at a 54 m . s~! maximum
velocity (Fig. S3 in the Supporting Information), almost stops at
250 s and reaches a runout distance of 8.14 km (Table Al). We
clearly see the influence of the lagoon that dissipates and slows
down the waves.

Water waves take around 60 s to reach the closest coast of Petite
Terre, 170 s to reach the airport gauge n° 1, and 805 s to reach
the DEALM gauge n° 2 on Grande Terre. Sea surface elevations
of around 3 m height propagating at 2 m.s~' are recorded around
60 s after the event, when they first hit the eastern coast of Pe-
tite Terre (Fig. 5a for the first impact location). This illustrates the

threat represented by the scenario Piton 200. In that eastern part
of Petite Terre where the depth / =~ 2 m, the computed velocity
of 2 m.s7! is of the same order of magnitude than the shallow
velocity approximation /g H ~ 4.5 m.s~!. Maximum sea surface
elevation and maximum surface velocities are shown later in the
paper when discussing the other simulations (Fig. 9 and Fig. S1
in the Supporting Information). The landslide dynamics and the
maximum landslide velocity are also displayed in Figs S2 (top
row) and S3 in the Supporting Information. Fig. 6 represents the
sea surface elevation at the gauge locations in the reference case
(dark blue line). The sensitivity range of the sea surface elevation
obtained from all the simulations listed in Table 1 displays the sig-
nificant impact of the tested parameters. The sea surface elevation
varies by a factor around 2-3 and up to 4 approximately com-
pared to the reference case (see the first variation band peak on
gauge n° 4).

Note that our results differ from what was obtained in Poulain
et al. (2022) by coupling HySEA hydrostatic and FUNWAVE-TVD
non-hydrostatic simulations. This may be due to the different ap-
proximation used (fully hydrostatic or fully non-hydrostatic here)
and to the influence of the coupling time considered in Poulain et al.
(2022). Poulain et al. (2022) simulate the landslide and generated
near-field waves with hydrostatic HySEA and define a coupling time
at which the computed water state is transferred to FUNWAVE-
TVD. At the coupling time, the computed waves in HySEA (hy-
drostatic simulation) are used to initialize FUNWAVE-TVD (non-
hydrostatic simulation). These waves continue to propagate thanks
to FUNWAVE-TVD.

5 KEY ROLE OF NON-HYDROSTATIC
EFFECTS

Figs 7(a) and (c) show the maximum sea surface elevation ¢;;
Lij =maX17,-j(t), (11)
t

for the hydrostatic (Hydro) and non-hydrostatic (1 Layer) cases,
both dealing with 1 layer to describe the water motion. Inland on
Petite Terre, the inundation pattern of Figs 7(b) and (d) correspond
to the maximum inundation depth

m;axh,-j(t). (12)

Note that, inland, the sea surface elevation relative to the water at
rest writes max h;;(¢t) — H (Fig. 4). Recall that multilayer HySEA
ax

resolves water flow inland the same way as offshore. No treatment is
needed to create the inundation maps. The three resolutions consid-
ered in this paper do not allow for analyses of inundation patterns
at building scale. The inundation maps are intended to provide a
general trend and a comparison point to determine the influence of
input parameters.

Non-hydrostatic effects drastically change the result with major
differences observed east of the lagoon. Overall, the hydrostatic
simulation shows larger waves with smoother spatial variation of
the maximum sea surface elevation. The waves overcome the reef
and enter the lagoon more easily in the hydrostatic case. Around
the Piton 200 collapse area, the wave pattern reflects the land-
slide trajectory very precisely only in the non-hydrostatic case. For
both hydrostatic and non-hydrostatic cases, no more than 1.5 m
waves are observed throughout the simulation inside the lagoon.
The waves height passed the lagoon are mostly below 1 m; and
even below 0.5 m in the larger part of the lagoon for the non-
hydrostatic case. Waves are largely stopped by the coral reef which
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Figure 5. Propagation of water waves for the reference case: sea surface elevation at different times.
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Figure 6. Sea surface elevation 7 for the reference case and variation band given by all the simulations of Table 1.

offers a great protection for the coasts of Mayotte. This artifi-
cial impact of the reef in the 1-layer models differs from what
is obtained with the 3-layers reference case as discussed later
(Section 6).

Waves however reach the east coast of Petite Terre but the high
relief (+10 m) prevents the water from entering inland. We also
see higher waves in the south east part of Petite Terre in the hydro-
static case. In Figs 7(b) and (d), a larger part of the airport area is
covered by water in the hydrostatic case (lower than 1.5 m). This
is also illustrated at the airport gauge n° 1 in Fig. S5 (Supporting
Information) where the maximum wave is almost three times higher
in the hydrostatic case. Much higher maximum waves are obtained
at the offshore gauge n° 4 in front of the landslide, consistent with
what is observed in laboratory experiments of granular flows and
generated waves (Poulain ef al. 2023). At this gauge n° 4, the waves
are completely attenuated after 250 s in the hydrostatic case while
the signal is still visible around 600 s in the non-hydrostatic case.
Overall, the hydrostatic simulation overestimates the first waves (or
the first water drop in the Piton 200 collapse area) up to a factor
3 compared to the non-hydrostatic 1-layer case. However, in the
Mayotte configuration, the overestimation related to the hydrostatic
approximation is not so much impactful on the coasts due to the
artificial reef protection.

At early times, the wave signal contains much higher frequencies
(>40 mHz) in the hydrostatic case as illustrated on the spectro-
grams at the offshore gauge n° 4 in Fig. 8. This is due to the
well-known sharp variations of the initial wave near the source in
hydrostatic simulations (Poulain et al. 2023). The hydrostatic as-
sumption strongly impacts the whole frequency content of the wave
trains (Fig. 8). This assumption is indeed no longer valid at the off-
shore gauge n° 4 for example. The shallow approximation assumes
H/) << 1, where A is the tsunami wavelength. If we assume a
velocity scaling with /g H, this leads to

g
f<<\/;.

At the offshore gauge n° 4, the water depth is A ~ 1100 m, re-
quiring f* << 95 mHz while the dominant frequency f ~ 20 mHz
is only five times smaller (Fig. 8). On the opposite, the depth at
the airport gauge n° 1 is H >~ 3 m meaning f << 1800 mHz.
We observe a dominant frequency of around 1 mHz in Fig. S9
(Supporting Information) for all the presented simulations at the
airport gauge, which means that the hydrostatic assumption is
valid at this gauge. Note that for frequencies smaller than ~ 10
mHz (periods 7' > 100 s), the frequency content of the hydro-
static and non-hydrostatic cases well match (Fig. 8c). Contrary
to the early times, when ¢ > 100 s, the frequency content in the
non-hydrostatic case is higher than in the hydrostatic case, de-
scribing more precisely the wave train following the first waves
(Figs 8a and b).

6 CRUCIAL NEED OF MULTILAYER
MODELS AND HIGH RESOLUTION
BATHYMETRY

6.1 Effect of vertical discretization (number of layers)

One of the key result of this work is the crucial role of vertical
discretization in capturing strong topography variations as those
related to the presence of the coral reef.

6.1.1 Maximum sea surface elevation

Fig. 9 shows the significant differences in maximum sea surface
elevation ¢;; between simulations as the number of layers increases.
The barrier power of the coral reef decreases with more layers. The
main difference is observed between 1 layer and 3 layers. Indeed,
with 3 layers, wave heights reach 0.5-1 m in the lagoon while they
are mostly smaller than 0.5 m with 1 layer (Figs 9(a) and (b)). Using
6 and 10 layers still increases the wave capacity to overcome the
coral reef barrier (comparing Figs 9(b) and (c)). As a result, the
1-layer case dramatically underestimates the waves past the lagoon:
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Figure 7. (a) Maximum sea surface elevation ¢;; (eq. 11) for the hydrostatic case. (b) Maximum inundation depth for the hydrostatic case. (c) Maximum sea
surface elevation ¢;; (eq. 11) for the non-hydrostatic case (1 layer). (d) Maximum inundation depth for the non-hydrostatic case (1 layer).

we observe a factor 2 comparing with 3 layers (Figs 9(a) and (¢)) and
6 layers (Figs 9(a) and (e)). Signed differences between -25 and -100
per cent are found in the Piton 200 area when comparing 1- and 3-
layers simulations (Fig. A3(a)). The 1-layer simulation also shows
more than 100 percent of difference with the 3-layers reference
case inside the lagoon. The differences become much smaller as we
continue to increase the number of layers. For example, we still have
differences up to 60 per cent between the 3- and 6-layer cases. For
a reasonable accuracy and computational cost, the optimal number
of layer seems to be slightly higher than 3 layers, recommended by
Macias ef al. (2021a), probably due to strong bathymetry variations
around Mayotte. The 6- and 10-layers simulations show similar
results and tend to converge on all gauges (Fig. 10). Interestingly,
the frequency content for a number of layers greater than 3 is very
similar with frequencies up to 45 mHz. On the contrary, the 1-layer

model only captures frequencies f < 35mHz (7" > 28 s) as shown
in Fig. 11.

Concerning the wave impact on the Mayotte coasts, Figs 9(b), (d)
and (f) presents the inundation pattern on Petite Terre depending on
the number of layers. In the multilayer cases (above 3 layers), the
water enters and propagates inside Petite Terre over approximately
100 m on a 2 km coastline south west at the airport location. In
that area, recorded maximum water height are around 1 m but
50 cm of water covers the most part of the inundated zone. The
path leading to the most western part is largely flooded by 40 cm
and a small area north west is also covered by water. The water
height reaches approximately 80 cm in that area. The 1-layer model
leads to much less inundation in Fig. 9 (b): the water penetrates the
land over 50 m in average and observed water height are around
30 cm. The high relief (+10 m) protects the east coast of Petite
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Figure 8. Spectrogram and spectral amplitude of the sea surface elevation signal at the gauge n® 4: Offshore.

Terre from inundation. The sea surface velocity patterns shown in
Fig. S1 (Supporting Information) looks roughly similar between
each other. As for the maximum sea surface elevation, the major
differences are observed for the 1-layer case: in the landslide area,
where the final deposit pattern is more visible, and inside the lagoon,
where the reef offers a higher protection. The 3-layer model leads to
higher velocities. For example, inland at the airport location, water
penetrates with velocities around 0.5 m.s~! in the l-layer case
(Fig. S1b in the Supporting Information) and around 1.5 m.s™!
in the 3-layer case (Fig. S1d in the Supporting Information). The
overestimation of the barrier power of the coral reef with the 1-layer
model is observed at the gauge n° 2 (Fig. 10). More gauge results
are given in Appendix D.

The increased accuracy with more water layers comes with the
price of a higher computational cost as it is shown in Fig. A10(a).
The real computational time is expected to grow linearly with the
number of layers: a 2-layer simulation doubles the computational
time compared to a 1-layer simulation. We observe indeed a linear
trend in Fig. A10(a). The mean error of the simulated maximum sea
surface elevation for 1 layer compared to the 10-layer simulation is
non-negligible (Fig. A10(b)). It stays below 20 cm as soon as we
consider 2 layers or more, and it decreases rapidly as we increase
the number of layers. We estimate a reasonable number of layers in
term of accuracy and computational cost being 4 layers according
to Fig. A10(b). We note that the Mayotte configuration demands a
number of layers higher than 3, while the gain from 6 layers or more
seems low. In particular, the mean error decrease is non-negligible
when going from 3 to 4 layers. Three layers is the recommended
value from Macias ef al. (2021a), based on analytical formula de-
rived from the model to determine its dispersive properties.

6.1.2 Velocity profiles and power to overcome large reliefs

The capacity of the waves simulated by the multilayer model to
overcome large reliefs depends on how the model captures vertical
profiles of the velocity. Such information is intrinsically missing
in depth-averaged 1-layer models. An example of velocity pro-
files is given in Fig. 12 at the airport gauge n° 1. In multilayer
models, even if the water flow is blocked by the bathymetry obsta-
cle at depth, resulting in a strong drop of the horizontal velocity
close to the sea floor, the surface velocity may stay large, allow-
ing the water to overcome large reliefs. On the contrary, with only
1 layer, the bathymetric variations greatly impact the whole wa-
ter column of constant velocity. The depth-averaged X-velocity
in the 1-layer model is 1.5 times smaller than the averaged ve-
locity obtained with 10 layers (if we remove the bottom layer) at
the airport gauge n° 1 (Fig. 12a). The bottom boundary layer sees
a lower velocity due to friction while the rest of upper layers in
the water column experiences a much higher velocity. While using
10 layers still increases the precision, the profiles of the horizon-
tal and vertical velocities are close for 6 and 10 layers. It seems
that we observe a convergence in the vertical profiles when in-
creasing the number of layers. The velocity field is complex across
the reef as shown in the movies animationlLayer.mp4 and anima-
tion6Layer.mp4 representing the velocity vectors alonga2-D X — Z
cross section between airport (left) and east airport (right) gauges
(Supporting Information). We may even observe higher horizontal
velocities at the bottom layer than at the surface: see the animation
animationEastAirportVelX.mp4 between 120 and 140 s, showing
the time change of the velocity vertical profiles at the east airport

gauge.
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6.2 Bathymetry resolution and accuracy

The resolution of bathymetry data is expected to impact the simula-
tion results even though there are not many in-depth studies of the
resolution effects in literature. Figs 13(c) and (e) show similar pat-
terns on the maximum sea surface elevation outside the lagoon for
30 and 10 m bathymetry grids. The capacity of waves to overcome
the reef barrier is however higher on the 10 m grid. The east coast of
Grande Terre mostly sees waves of around 1 to 1.5 m with the 10 m
grid, as opposed to 0.5 to 1 m with the 30 m grid. In the west coast
of Petite Terre, the 10 m grid noticeably lead to higher maximum
inundation depth and higher velocities as illustrated in Figs 13(d),
(f) and Fig. S1 (Supporting Information). Inland at the airport lo-
cation, water penetrates with high velocities around 1.5 m.s™! on
the 30 m grid (Fig. S1d in the Supporting Information) and even
2.5 m.s~! on the 10 m grid (Fig. S1f in the Supporting Informa-
tion). The high impact of the resolution of bathymetric data is also
visible in Fig. A4 showing differences in the sea surface elevation

between the different grid simulations up to 60—-80 per cent in the
lagoon.

We argue that these differences are related to the accuracy of the
bathymetry and not to numerical dissipation. Indeed, the numerical
dissipation is known to decrease with finer resolution meshes but
is expected to be significant only after a few hours of simulations
as recently shown in Svennevig et al. (2024). It would be inter-
esting to run simulations on finer grids to more precisely quantify
bathymetry impact on generated waves, but it is beyond the scope
of this paper. Furthermore, it is quite rare to get bathymetry data in
such a wide area with precision lower than 10 m. Finally, we check
the effect of a smoothed, low resolution bathymetry described by a
30 m grid. Note that the dashed black coastline calculated from the
smoothed bathymetry does not exactly fit with the Hystolitt coasline
because of the smoothing process. While we observe roughly the
same pattern on the maximum sea surface elevation between the
smoothed and reference case (Figs 13(a) and (c)), the waves over-
come the reef more easily with the smoothed grid. The differences
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Figure 11. Spectrograms and spectral amplitude of the sea surface elevation signal at the gauge n° 4: Offshore.

on the simulated inundation areas is significant when looking lo-
cally around Petite Terre (Figs 13(b) and (d)). The inundation depth
is much higher in the airport area due to lower topographic ob-
stacles (Fig. 13(b)): up to 3 m of water is observed. Taking into
account the new coastline in dashed black defined by the smooth
bathymetry, the east coast is almost totally under a few meters of
water with penetration length going from 50 to 100 m. As a result in
our case, a low quality bathymetry may overestimate by up to 2 m the

maximum water height inland and by 500 m the penetration length
(airport location). The high relief located on the east coast of Petite
Terre drops from 10 to 3 m approximately due to the smoothing
process.

Notably, the effect of the bathymetry strongly depends on the
location and time. For example, the maximum positive wave ob-
served at ¢ ~ 30 s is much higher with the 10 m grid at the Piton
200 gauge n° 3 whereas the first simulated waves are the same for all
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simulation corresponds to 7, + 75 s, where 7, = 165 s is the arrival time of the first wave at the gauge. The vertical velocity profile is thus plotted at = 240 s.
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Figure 13. (a) Maximum sea surface elevation ¢;; (eq. 11) for a smoothed bathymetry on a 30 m grid. (b) Maximum inundation depth for a smoothed
bathymetry on a 30 m grid. (c) Maximum sea surface elevation ¢;; (eq. 11) for a 30 m grid (reference case). (d) Maximum inundation depth for a 30 m grid
(reference case). (¢) Maximum sea surface elevation ¢;; (eq. 11) for a 10 m grid. (f) Maximum inundation depth for a 10 m grid. The dashed black line in
panels (a) and (b) is the coastline calculated from the smoothed bathymetry while the full black line is the regular Histolitt coastline.
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the resolutions (Fig. 14). On the contrary, the effect of bathymetry
resolution is quite small at the offshore gauge n° 4, but is significant
at the DEALM gauge n° 2. The wave form is much smoother on the
smoothed bathymetry on gauges n° 1 and 2.

A higher grid resolution allows to capture higher frequencies as
shown by the spectrogram and spectral amplitude at the offshore
gauge n° 4 (Fig. 15). The typical wavelength associated with the
wave train is A = /gH /[, which gives A >~ 5 km for H =~ 1000
m and f ~ 20 mHz. A numerical grid resolution of a few tens of
meters is thus enough to handle such large wavelengths. We con-
clude that the higher frequency content with increasing resolution is
related to the source (landslide) dynamics. The resolution of hetero-
geneities in the landslide dynamic thanks to higher grid resolution
are indeed at a much smaller scale than 5 km (Fig. S2 in the Sup-
porting Information). However, the grid resolution and bathymetry
quality seem to weakly affect the contours of the flowing mass at
50, 100 and 3600 s. Differences appear on the flow thicknesses,
especially at the early times 50 and 100 s.

Interestingly, a very long period oscillation 7 =~ 600 s is observed
at the airport gauge n° 1 (spectral amplitude of Fig. S9 in the
Supporting Information). This period corresponds to the typical
period of a seiche that would go back and forth within the channel
between north west of Petite Terre and Grande Terre, west of the
airport gauge. Analytical formulas give a seiche period of 7, =
2L/+/gH in a closed rectangular basin of depth H (Magdalena
et al. 2020). In our case, the channel width is L ~ 4 km and the
water depth H =~ 15 m, leading to 7 >~ 650 s. Only the multilayer
simulations capture this frequency well.

7 LANDSLIDE RHEOLOGY, FRICTION
PARAMETERS AND TIDE EFFECTS

7.1 Impact of landslide dynamics on the water waves

Despite lots of work, uncertainties still remain on the physical un-
derstanding of submarine landslide dynamics and associated param-
eters (Delannay et al. 2017; Roger et al. 2024). We will identify here

Time (s)

with the reference case.

which of these parameters mostly influence the simulated tsunami
wave. The tsunami waveform is known to depend on the thickness
distribution and velocity of the landslide, which in turn depend on
the landslide rheology and associated friction coefficients. Figs 20
and S4 (Supporting Information) illustrate that: the mass velocity
and runout distance obviously increase when lowering the friction
coefficient w(/), i.e. with decreasing friction angle 8, and grain di-
ameter d, as shown by eq. (6). The Pouliquen friction law (eq. (5))
gives a similar final deposit compared to the (/) rheology. The
same conclusion holds for the solid volume fraction ® = 0.6 that
gives a similar final deposit compared to the reference case with
@ = 0.8. For all simulations, the front of the deposit contains the
largest amount of mass with thicknesses ranging from 15 m up to
40 m. The final runout, area, maximum thickness are collected in
Table Al. The case §; = 3° leads to notably higher thicknesses on
the front and therefore less mass left behind.

The maximum sea surface elevation (Figs A7 and A8) and the
waveform at the gauge (Figs S6 and S7 in the Supporting Infor-
mation) only slightly depend on the grain diameter and on the type
of friction law. However, the associated landslide deposit are quite
different in Fig. 20. On the contrary, the maximum sea surface ele-
vation significantly depends on the values of the friction coefficients
that have been tested: §; = 3° and §; = 11° (Fig. 16). The maxi-
mum landslide velocities from Fig. S3 (Supporting Information)
significantly differ between the §; = 3° and §; = 11° cases while
they appear to be closer when changing the grain diameter d or the
rheological law. Biggest differences in the maximum sea surface
elevation are clearly found when comparing 6, = 3° and §; = 11°
simulations (Fig. AS). The solid volume fraction value also has a
high impact on the maximum sea surface elevation (Fig. 17), despite
a similar final deposit for & = 0.6 compared to the reference case
(Fig. 20). We note that increasing the solid volume fraction reduces
the density ratio » which causes a higher gravity force (1 —r)g
for the landslide in the model. This is consistent with the observed
maximum sea surface elevation in Fig. 17 where the solid volume
fraction ® = 0.6 leads to higher waves, more concentrated around
the landslide source, compared to the case & = 0.8. The high impact
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Figure 15. Spectrograms and spectral amplitude of the sea surface elevation signal at the gauge n° 4: Offshore.

of the solid volume fraction ® suggests that using more complex
and realistic rheology including dilatancy (u(/), ®(/)) would sig-
nificantly affect the results (Iverson & George 2014; Bouchut ef al.
2016, 2025). The higher impact of both the friction angles and the
solid volume fraction on the simulated waves is attributed to the
early landslide dynamics. Fig. A6 shows that the landslide thick-
ness (resp. landslide velocity) from the simulations with §; = 3°,
81 = 11° and ® = 0.6 differ from the rest of the simulations in the
first 50 s (resp. 20 s). The impact of the friction angle and solid
volume fraction is also observed on the gauge data in Figs 18 and
19. More gauge data related to landslide parameters are given in Ap-
pendix D and the Supporting Information. The inundation pattern
looks similar for all the landslide parameters except when com-
paring §; = 3° and &, = 11° (Figs 16, A7, A8(b), (d)) and when
comparing ¢ = 0.6 and ® = 0.8 (Figs 17(b) and (d)). In particu-
lar, for §; = 11°, tsunami waves inundate less of the airport zone,
which sees a maximum water height of around 0.4 m as opposed to
0.7 m for §; = 3°. The effect of the solid volume fraction is non-
negligible on the inundation pattern as we observe less inundation
for ® = 0.6.

7.2 Landslide/water and water/bottom friction analysis

We study here the effect of the Manning coefficient by comparing
to a simulation with a constant manning coefficient (’Cst Manning’
case). We also set the mass/water interface friction to 0 ("m¢ =0’
case) and compare with the reference case (my =2 x 10> m.s™').
Values are specified in Table 1. The mass/water coefficient have a
negligible effect on the water waves (Fig. S4c in the Supporting
Information). The constant Manning coefficient leads to high dif-
ferences compared to the spatialized Manning (reference case) on
the generated waves: up to 90 percent differences are observed.

With no surprise, these differences are located inside the lagoon
(Fig. S4a in the Supporting Information) since a higher Manning
value is applied at the reef location for the reference (Fig. A2).

7.3 Tide effect

When adding 1 m to the water level, we observe that the waveform
is similar but the water wave arrive slightly earlier (30 s) at the
DEALM gauge n° 2 (Fig. S8 in the Supporting Information). This
is consistent with a higher wave velocity /g H when the water
depth H increases by 1 m. Note that on these figures, the sea surface
elevation has been shifted (by —1 m) to match the hydrostatic zero
of other simulations for comparison purposes. Unsurprisingly, the
west coast of Petite Terre is largely impacted by a 1 m elevation
of the initial water level: a larger part of west Petite Terre is under
water and the water depth inland reaches 1 to 1.5 m in Fig. 21(b),
especially south west around the aiprort. The reference (+0 m water)
only gives around 0.5 m water depth inland.

8 CONCLUSION

In this work, we perform a sensitivity analysis using the multilayer
code HySEA on a island-type bathymetry characterized by large
relief variations. We quantify the impact of the different model
parameters on the generated waves. Mayotte island is a relevant
example due to the presence of the submarine shelf surrounding
Petite and Grande Terre. In the studied cases, the tsunami waves
are induced by a potential landslide of 200 millions of m?® initiated
2.5 km offshore Mayotte island.

The main result of this paper is the strong impact of the vertical
discretisation (through multiple layers in the water column) when
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Figure 16. (a) Maximum sea surface elevation ¢;; (eq. 11) for a 3° friction angle. (b) Maximum inundation depth for a 3° friction angle. (c) Maximum sea
surface elevation ¢;; (eq. 11) for a 11° friction angle. (d) Maximum inundation depth for a 11° friction angle.

the bathymetry presents obstacles and steep slopes. In the Mayotte
configuration, the coral reef presents steep slopes with typical wa-
ter depths ranging from 30 m (west of the reef) to 1000 m (east
of the reef). The 1-layer (i.e. depth-averaged) model is much more
sensitive to this bathymetric barrier. The 1-layer model thus pre-
dicts waves that are more attenuated inside the lagoon compared
to multilayer models. On the west coast of Petite Terre including
the crucial zone occupied by the airport, the 1-layer model under-
estimates the impact of the tsunami by a factor 2 compared to the
3-layer model. Adding more layers still increases the capacity of the
tsunami waves to overcome the coral reef, even though the model
roughly converges for 6 and 10 layers. The influence of increasing
the number of layers is also visible in the landslide area. Above the
landslide, the wave pattern simulated with the 1-layer model clearly

reflects the landslide contours while multilayer models yield to a
much smoother pattern, owing to the higher degree of freedom for
the water motion in the vertical direction. We show that the numeri-
cal cost increases approximately linearly with the number of layers.
In the particular case of Mayotte, involving strong topography vari-
ations, a good balance between accuracy and computational cost
seems to be around 4 layers. We expect that this could be the case
for other locations where bathymetry presents large variations and
obstacles. Adding more layers allow to better capture the disper-
sion effects as detailed in Macias et al. (2021a), who recommend
using 3 layers in their simulations over much simpler topographies.
Our results illustrate the major importance of the dispersive effects
(non-hydrostatic pressure and multilayer description) and the need
to include them in the model, despite the increased computational
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Figure 17. (a) Maximum sea surface elevation ¢;; (eq. 11) for a solid volume fraction ® = 0.8. (b) Maximum inundation depth for a solid volume fraction
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® =0.6.

cost, as recommended in Kirby et al. (2022). Interestingly, our mul-
tilayer simulations capture the seiche of period 7; >~ 600 s observed
at the aiport gauge n°1, seemingly related to the water waves going
back and forth between the coasts of Grande and Petite Terre as
observed and simulated in the Greenland fjords (Svennevig et al.
2024).

Our results show that for the finest 10 m grid used here, the wa-
ter waves overcome the reef barrier more easily than on rougher
grids (30 m grids). A smoothing of the bathymetry (representing
low quality bathymetric data) leads to a complete different result at
the airport location for example: the airport area is completely sub-
merged by a few meters of water as opposed to all other simulations.
This points out the crucial need for more oceanographic campaigns
to acquire accurate and high-resolution bathymetric data in areas

at risk. The major influence of the bathymetric data on landslide-
tsunami simulations has also been highlighted by Svennevig et al.
(2024).

The avalanche parameters also impact the amplitude and wave-
form of the tsunami, even locally, at Petite Terre for example. They
obviously also change the landslide final deposit and mass distribu-
tion. While the form of the different friction laws investigated here
and the grain diameter give quite similar water waves, the friction
angles involved in these laws and the solid volume fraction have a
large effect on both the landslide dynamics and tsunami waves. The
impact on Petite Terre coastline is clearly visible: simulated wave
amplitude doubles at the airport for §; = 3° compared to §; = 11°.
The landslide dynamic indeed affects the water waves generation
and propagation.
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Figure 19. Sea surface elevation n for a solid volume fraction & = 0.6 superposed with the reference case.

While the mass/water friction coefficient is of small influence on
the water waves, significant differences are observed when compar-
ing the simulations with a constant and a variable Manning coeffi-
cient. Finally, a +1 m initial water level, potentially due to climate
change, induces higher velocities, wider inundation distance, higher
inundation depth and an earlier arrival time of around 30 s at gauge
n°2 compared to the reference simulation.

Overall, the performed simulations allow us to roughly clas-
sify the parameters’ influence on the maximum sea surface eleva-
tion and inundation pattern in the case of Mayotte from the more

influential parameters to the least: (1) dispersion properties (non-
hydrostatic versus hydrostatic and number of layers); (2) quality of
bathymetric data, grid resolution, friction angles §s in the rheolog-
ical laws and the solid volume fraction ®; (3) initial water level;
(4) Manning coefficient; (5) type of rheological laws (u(/) versus
Coulomb); (6) mass/water friction and grain size related parameter
d. The same classification applies locally at the Ponton gauge n°5
(Fig. A9).

Those considerations should be useful to develop modelling
strategy in case of near field configuration for landslides induced
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tsunamis in a complex bathymetry context. Future works may in-
clude a deeper insight into the influence of the parameters or features
targeted by this study using statistical analysis. As pointed out in this
paper, a proper convergence with even finer grids and/or an increas-
ing number of layers would be interesting to carry out. Additional
features related to a multilayer model, like vertical viscosity terms
and breaking wave mechanisms, would also be worth investigat-
ing. This sensitivity analysis shows that the parameter uncertainties

and model hypotheses may lead to a factor of approximately 2
on the simulated wave amplitude and velocity. Consequently, we
observe about the same error on the penetration length and the
inundation depth. Increasing the level of accuracy of landslide-
tsunami models would have a significant impact on hazard as-
sessment by providing actionable insights for evacuation planning,
such as defining more precise safe zones and optimizing warning
times.
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Figure S1. Maximum sea surface velocity for different numbers of
layers and different grid resolutions.

Figure S2. Landslide dynamics (top panels) Reference case (30 m
grid); (middle panels) Smoothed bathymetry; (bottom panels) 10 m
grid. Dashed white lines correspond to the reference final deposit
shape on the top panels. The dashed black line in the middle panels
is the coastline calculated from the smoothed bathymetry while the
full black line is the regular Histolitt coastline. The two coastlines
seem almost merged when it is zoomed out.

Figure S3. Maximum velocity (m.s™!) reached by the landslide
mass during its flow down the slope for the different landslide
parameters.

Figure S4. Relative difference A;; in maximum sea surface eleva-
tion given in percentage for different friction parameters: (a) Cst
Manning (Simu 2) versus spatialized Manning (Simu 1, Reference
case); (b) +1 m water (Simu 2) versus +0 m water (Simu 1, Ref-
erence case); (c) my = 0 (Simu 2) versus m¢ = 2 x 10~ (Simu 1,
Reference case). Minimum and maximum differences are: a) —20
percent up to 90 percent; b) —33 percent up to 100 percent; c)
—30 percent up to 15 per cent.

Figure S5. Sea surface elevation n for the hydrostatic (1 Layer) and
non-hydrostatic simulations (1 Layer).

Figure S6. Gauge data for the different values of the grain diameter
d.

Figure S7. Gauge data for simulations with different rheological
laws for the landslide.

Figure S8. Gauge data for friction parameters and initial water
level superposed with the reference case. The sea surface elevation
has been shifted by —1 m to match the hydrostatic zero of other
simulations for comparison purposes.

Figure S9. Spectral amplitude of the sea surface elevation signal at
the gauge n°1: Airport.

Figure S10. Maximum sea surface elevation ¢;; without a breaking
wave model (reference case) and with a breaking wave model.
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DATA AVAILABILITY

The simulations are performed with the code multilayer HySEA
developed by the EDANYA group of Malaga University in Spain.
The continuous equations and the associated numerical discretiza-
tion are described in this paper. The reader is referred to the
references cited in this paper and to the website available at
https://edanya.uma.es/hysea/ for more details about the HySEA
numerical codes. The input parameters used for the simulations
are all mentioned in the paper. Bathymetric data are sourced and
they may be distributed on demand. The maps are produced with
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the QGis open-source software (https://qgis.org) and homemade
Python scripts for gauge data. The authors are available to provide
any information needed to reproduce the results.
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APPENDIX A: SPECIFICITY OF THE MAYOTTE’s CONFIGURATION AND MANNING

COEFFICIENT

Isolines of the Mayotte’s bathymetry and a cross-section across the coral reef are shown in Fig. A1 to highlight the specificity of the Mayotte
configuration. The spatialized Manning coefficient is presented in Fig. A2.
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bathymetry. The dashed black line on the left panel indicates the cross-section location. The cross-section is built using the QGis open-source software.
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Figure A2. Values of the spatialized Manning coefficient used in this study (Lemoine et al. 2020b).
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Figure A3. Relative signed difference A;; in the maximum sea surface elevation ¢;; (eq. B1) given in percentage: (a) 1 Layer (Simu 1) versus 3 Layers (Simu
2, Ref of Table 1); (b) 6 Layers (Simu 2) versus 3 Layers (Simu 1, Ref of Table 1); (¢) 10 Layers (Simu 2) versus 6 Layers (Simu 1). Minimum and maximum
differences are: (a) —77 per cent up to 500 per cent; (b) —96 per cent up to 312 per cent; (c) —53 per cent up to 75 per cent.
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Figure A4. Relative signed difference A;; in the maximum sea surface elevation ¢;; given in percentage (eq. B1): (a) 30 m grid (Simu 2, Ref of Table 1) versus
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Figure A7. (a) Maximum sea surface elevation ¢;; (eq. 11) fora 0.1 m grain diameter. (b) Maximum inundation depth for a 0.1 m grain diameter. (c) Maximum
sea surface elevation ¢;; (eq. 11) for a I m grain diameter (reference case). (d) Maximum inundation depth for a 1 m grain diameter (reference case).
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Figure A8. (a) Maximum sea surface elevation ¢;; (eq. 11) for the Coulomb friction law. (b) Maximum inundation depth for the Coulomb friction law. (c)
Maximum sea surface elevation ¢;; (eq. 11) for the u(/) rheology (reference case). (d) Maximum inundation depth for the (/) rheology (reference case).
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Table Al. Avalanche parameters sensitivity analysis: recap of landslide data and comparison with the reference case.

Landslide data Runout (km) Area x 107 (m?) Max final thickness (m)
Ref 8.14 2.05 59.04
0.1 m grain 10.43 3.32 48.87
0.5 m grain 8.87 2.38 55.48
3° friction 12.79 3.92 51.63
11° friction 5.36 1.19 85.54
Coulomb 11.46 4.21 49.00
Pouliquen 8.37 2.15 54.57
P =0.6 8.18 2.01 59.29

Table A2. Gauge locations and depth. Coordinates are given in the system EPSG:4471-RGM04/UTM zone 38S as mentioned in Subsection 2.1.

X (m) Y (m) Depth (m)
Gauge 1: Airport 531228 8582 886 3.2
Gauge 2: DEALM 524120 8585883 2.5
Gauge 3: Piton 200 533524 8588823 76.5
Gauge 4: Offshore 538926 8588 820 1106
Gauge 5: Ponton 528057 8586964 9.8
Gauge 6: East Airport 533521 8582886 466

Table A3. Computational real time for a few simulations performed in this paper.

Computation time GPU number
Ref 8 hr 40 min 1
Hydro 20 min 1
1 Layer 3 hr 20 min 1
6 Layers 20 hr 1
10m grid 5d 19 hr 2
50m grid 3 hr 36 min 1

APPENDIX B: ADDITIONAL RESULTS ON THE MULTILAYER STRUCTURE AND
BATHYMETRY EFFECTS

This Appendix presents the relative difference between cases related to the number of layers and bathymetric data are shown in Figs A3 and
A4. The relative difference in the maximum sea surface elevation ¢;; between two simulations called Simu 1 and Simu 2 is computed by

Simu2 __  Simul
Ay =100 x F—rd—. (B1)
[
ij
The indices i and j stand for the grid points. A comparison of the landslide dynamics with the reference case is also shown in Fig. S2
(Supporting Information) for the Smoothed and the 10 m grid simulations. The maximum sea surface velocity is displayed in Fig. S1 in the

Supporting Information.

APPENDIX C: ADDITIONAL RESULTS ON EFFECTS OF LANDSLIDE RHEOLOGY
AND FRICTION PARAMETERS

Landslide maximum velocities are shown in Figs S3 (reference case) and S4 (landslide parameters’ simulations) in the Supporting Information.
Relative differences on the maximum sea surface elevation are displayed in Fig. AS for the different landslide parameters. Figs A7 and A8
provide the maximum sea surface elevation and the inundation pattern around Petite Terre related to the grain size parameter d and the
rheological law w. The results related to the friction angles have been kept in the main text (Fig. 16) since it presents the higher differences
with the reference case among all the tested landslide parameters. The maximum landslide thickness and the mean landslide velocity for the
first 50 s are presented in Fig. A6 for all tested landslide parameters. Table A1 collects the runout, area and maximum thicknesses for the
simulations related to the landslide parameters.

APPENDIX D: ADDITIONAL NUMERICAL GAUGES DATA

Appendix D presents additional gauge data.

D1 Tables

Table A2 collects the coordinates and depth of each numerical gauge.
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D2 Gauge sea surface elevation

The data for the hydrostatic/non-hydrostatic feature, for the grain size related parameter d, and for the different rheological laws have been
moved to the Supporting Information (Figs S6, S7 and S8). The gauge n°5 results are all gathered in Fig. A9. It allows a comparison of all our
simulations from Table 1. From Fig. A9 and at this specific location, the parameters are classified from the most influential to the least: (1)
dispersion properties (non-hydrostatic versus hydrostatic and the layer number); (2) bathymetric data and grid resolution; (3) friction angles
8s; (4) initial water level; (5) Manning coefficient; (6) rheological law type and the solid volume fraction ®; (7) mass/water friction and
grain size related parameter d. The gauge data for friction parameters and initial water level is also presented in the Supporting Information
(Fig. S8). The spectral amplitude at the gauge n° 1 (airport) complete the Supporting Information (Fig. S9).

APPENDIX E: COMPUTATION TIME

Fig. A10 presents the computation time against the number of layers and the mean error of eq. (E1)

10 L: L
mean (L[/ e ij aym) . (E1)

Table A3 sums up the computation time and the number of used GPUs for a few relevant simulations listed in Table 1. The other simulations
take the same time as the reference. The machine used for all the calculation possesses 4 GPUs NVIDIA Tesla V100 SXM2, each GPU
attached with 16Go memory.

APPENDIX F: NUMERICAL APPROXIMATION OF THE NON-HYDROSTATIC
MULTILAYER MODEL

Systems (9) and (2) are solved simultaneously with a second-order HLL (Harten—Lax—van Leer), positivity-preserving, well-balanced, path-
conservative finite volume numerical scheme (Castro-Diaz & Fernandez-Nieto 2012; Macias ef al. 2021b). The time step is identical for the
two systems and obey the usual CFL (Courant-Friedrichs—Lewy) derived for the complete system

1 1 CFL
At maX<EmaX(lul + v gh, lus| ++/g(1 —r)hy), A—ymax(|v| +/gh, vl + /g1 — ”)hs)> = >

with CFL usually between 0.1 and 0.99. The CFL number is set to CFL = 0.55 for all simulations in this paper. It should be stressed that the
non-hydrostatic corrections K y are computed separately since they require the discretization of an elliptic operator. It is achieved through
standard second-order central finite differences. Special treatments are applied in regions with small water depth (Castro ef al. 2005; Macias
et al. 2021a). All the lengths are dimensionalized by 4. = 1000 m corresponding to characteristic depth and distance for all the Mayotte’s
simulations.

We consider a rectangular domain [x,, xp] X [1a, ], Which is discretized by a set of rectangular cells. Let us consider a partition {x;} f\i , of
[xa, xp], defined by x; = x, + (i — %)Ax, with Ax = (x, — x,)/N,, being N, the number of control volumes in the X-direction. Analogously,

we consider a partition {yj};.v;l of [ya, yo), defined by y; =y, +(j — %)Ay, with Ay = (y» — y2)/N,, being N, the number of control
volumes in the Y-direction. Then, we consider the following definition of 2-D control volumes,

i=1,..., N,
Vij = [xicij2s Xig12] X [jc12: Y12l j=1.....N,
being { I/[k/-}flj'zj\lly a partition of the domain. Let us denote by (U ,); ; the approximation of the average of U /(x, y, 1) on the control volume
Vi ; at time t"

G hi;

n ua.i.'

Wl =1 | oy,
(hw)Z,i,j {a=1,..,L}

The non-hydrostatic pressure unknowns are {pgﬂ/zﬂ1/2"j+1/2}f}’z]\é", approximations of p(x, y,z,t) at z = zqy12(x, y, t) for (x,y) =
(Xi+1/2, ¥j+1/2), the corners of the control volumes. Note that for o = L, it corresponds to the non-hydrostatic pressure at the free sur-
face, set to zero.

A splitting semi-implicit projection method is considered. For the explicit part, a two-steps second order TVD (Total Variation Diminishing)
method is used (Shu & Osher 1988). The second order is achieved through reconstruction of states. For the sake of brevity, let us describe only
the first order approximation of the model (9). The second order extension is done following Castro & Parés (2020). We solve the following

discrete system

(Uf),'-l,ﬂ—(Uf);',' (Ff)? 12,'_(Ff);1—12; (Gf)?,' 12_(Gf)?,'—12 n n n,n n,n
’ A -+ aal ‘/Ax 2y . Ay = +(By)i; = (Hy);; +(KKH)[,}+1 - (S.f)[,}‘+l F1)

-~ n+1
(VNH)?fl/z,jﬂ/z Uy = 0
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Let us denote by (U )5 12,; the hydrostatic reconstruction defined in terms of (U )} ; and (U y);
for (U ;)" Vi1 interms of (U )} ; and (U r)}

[ (Audusse et al. 2006), and analogously

? j+1- Then, the terms that appear in the prev1ous system are defined as follows:

(Ff):"'+1/2,j = %[Ff((Uf)?fl/z,_,) + Ff((Uf)H—l/Z ,)] (“o:+1/2,[(Uf)t+1/2, (Uf)?:l/zj]

+a?,i+1/2,]‘[Ff((Uf)lﬁfl—/z-]‘) = F(Up)iip,) — (Hf)zy',ﬁ»l/Z,j])

(Gf)?,jﬂ/z = %[Gf((Uf)z ,+1/2) + Gf((Uf)zy'l,}tl/z)] - %(“g,i,jﬂ/z[(Uf)?.}il/z (Uf)z /+1/2]
+O‘7,i,j+1/2[Gf((U./')l"l,'jtr|/2) -G ((Uy )7111/2) - (Hf)z"'.j+1/2]>~

The coefficients « and «; defining the HLL method (Castro-Diaz & Fernandez-Nieto 2012), are given by

SrISL| — SLISk| (@) [Sr| — ISLI
Sk — Si ’ X )iv1p2) = Sk — S. ’

(@0)i41)2, =

where

SL = min (L_‘?H/z.j = V&M 1y W) — ‘/g(l - V)(hs)?ﬂ/z.j) .
Sk = maX( Ui+ /&M 1y (Us)igrp; + /81— r)(hs)zr'lﬁ/z,j) .

Coefficients (cto);,j+12 and (a1); j+1/2 are defined analogously, in terms of (vs); ;125 Ui, j+1/2, (hs)} ;11 and A}
The approximation of the term H ; is the following

(H ) 1+ H )y n (Hp) i+ Hp) i

ij+1/2°

H)) =
(H ) 2Ax 2Ay
where
0
0
(H )} = Py _
Jj+1/2 —g j+1/22 J+1/2 (hlnjtl/z h?}+1/2)

(o}

fora =1, ..., L. The approximation of B is defined as follows:

_ (B./')?Jrl/z,j + (B.f);l—l/2.j T (Bf)?,jﬂ/z + (B.f)zj—l/Z

B!
(B 2Ax 2Ay
with
B 0
(B )n _ (ur:‘t+l/21+l/2]r‘2+l/2 i+1/2,j Uy 1/2H~1/2]ra 1/2,i+1/2, ])
Ilit172, as12iv12  asry2ivye,; = Vaotyzivio Laciiviye )
(Wes1/2,i4172,  as1/2i41/2, — a—l/z,,+1/2,,Fg—l/z,fﬂ/z,j) (o)
and
B 0
(B! _ Waripi oo lasipi e = Yariyoi 12l ac1jni i)/ L
n n
A a2, 12 w12 172 = Vae1y2. 412 ac 12, 12/ Lo
Wy i1/20 412l as1/2,0 412 = Waty2i 12 a1y2, 1172/ L (o)

fora =1,..., L. The terms in (B f); and (By); ;,,, are given by

i+1/2,j

ry FZ+1/2,:‘+1/2,] =0,

1/2,i4+1/2,j =
n — n —
D pire =Tlaipijse =
o
n,+ -n,+ n,+ - n,— n,—
Fzz+l/2,i+l/2,j = Zlﬁ (hf+1/2.j(”i+1/2,j — Uy i) hz+1/2 S — ”ﬂ,i+1/2,j)>’
p=1
o
_ n,+ =n,+ n,+ n,— =n,— n,—
Cosipijrin = Zlﬂ (hf,j+1/2(vi,j+l/2 — Vg s12) = h (O — Uﬁ‘i,j+1/2)>’
B=1
n,+ n,— n,4+ n,— st
foro =1,...,L — 1, with ”a+1/z ity = Welivi T Uy i T U i1+ Uat vy, )4 and analogous definitions for Vg1/2,i41/2,

n
wa+l/2,i+l/2,_/” oz+l/2,i,j+l/2 and wa+1/2‘,“,+1/2-
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The discretization of the non-hydrostatic gradient pressure terms is given by

0
n,n n,n+1
(vt = L,
(Ky)a:i,j

41 T
—(PZH/z,i.j - p:z—l/z,i,j)/lot ()

fora =1,..., L, where

a1 1 1 1
(KX)Z.Z'.]- = ( - h?+l/2‘jp;j+1/2,j + h?—l/z,jpg,-;—l/lj + PZL/2,1‘,,-(Za+1/2,i+1/2-j = Zat1/2,i-172.)/ L
—pgﬂ/z,i,j(Zafl/z,iﬂ/z,j - Zafl/Z,i—l/Z,j)/la)/(Ax)’

o+l +1 +1 +1
(Ky)z; = < - h?,jﬂ/ng,i,jﬂ/z + h:l,/'—l/ng,i,j—l/z + PZ+1/2.[._,'(Za+1/2-i-j+1/2 = Za12,4,j-1/2)/ la

1
—PZ:/2,[,j(2a71/2,i,j+1/2 - Za—l/Z,i,j—l/Z)/Za)/(Ay)y
n+1 _ 2 d _
Puiiijn; = Patipivija; + Pa—ijpi+ij2;)/ an Pat1/2i) = (Pari2i-1/2.j-1/2 F Pati/2i-1/2j+1/2 + Dati/2iv1/2,j-1/2 +
Pa+1/2,i+1/2,j+|/2)/4-
The friction and breaking terms, defined in S s, are discretized semi-implicity

0

2 +1 2 2 +1
ghi; z](h;/,)4/3 Ui @ A )P —mp(ug s — )
n n? n+1 n 2 n 2 (it on
(St = ghi; R 7 Uiy () + 0y, )7 —m (g =i ) |

m]w.n.n+1

0
0

w,n,n+1
Mg {a=2,...,L}

with

cr.
mw,n,n+1 — '24 Gn wn+1
o

o I i, j o)

0 (hu)g,ﬂrl.j)_(hu)(nx,i—l,j) : (hv)z,i.jJrl)_(hv)(nx,i,j—l) 2N\
Gy = (Tt )+ (TR )

[(@? )2+ )2
fora =1,...,N,and C}';, = 35 max(w—l,o)

0.4, /ght j
Finally, a projection method is considered, which is based on a semi-implicit discretization of the divergence operator at the corners of
the control volumes x;412 ;412 fori =0,..., Ny and j =0, ..., N,. The discretization of the divergence type operator associated to the
multilayer system is

h_?ﬂ/2,;+|/2(VNH)?3:’1721,/'+|/2 Uy = _
llh?+1/2,,/+1/2((h”)'1'ﬁ1,»/+1/2 - (hu)’;;,lj+l/2)/Ax -1 (hu)zr'lill/z._j+1/2(htr'l+l.j+1/2 — i 1)/ Ax
‘Hlh?+1/2‘/+1/2((h”)'11j41—1/2,/+1 - (hv)rlljil/z,j)/Ay - ll(hU):'Irll/z,ﬁl/z(h?ﬂ/z,/+1 —hip )/ Ay
+2((hw)’l1,-t'—-i—l/2.j+1/2 —(h w)g,-t'—-:—l/zj+1/2)

((ht)gsr,it172, 4172 — (ht)aig1 /2, j+1/2)Zati /2,41, 4172 = Zat1/2.,j+1/2)] DX
+((hv)a+1,i+1/2,j+1/2 —(h v)ot,i+1/2.j+1/2)(Zot+1/2,i+1/2‘j+1 - sz+1/2,i+l/2,j)/Ay

+1 +1
L _((hw)2+1,1+1/2,j+l/2 - (hw)g,f+1/2,j+1/2) (@) i

fora =1,..., L — 1, where wy is defined as an approximation of d,(—H + 4y). In the previous equation, the following notation has been
considered: (htt)a.iv1/2,j+172 = (ht)aij + (ht)giv1j + (Ah)giji1 + (A1 j41) /4 (ht)eiji12 = (htt)aij + (ht)a i j+1)/2, and analo-
gously for 4, (hv) and (hw). The non-hydrostatic pressure approximation are obtained by solving a linear system. It is deduced by substituting
the expression of U f}“ into the previous equation associated to the discretization of the velocity divergence.
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