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S U M M A R Y
We investigate the dynamics and deposits of granular flows and the amplitude of landslide-
generated water waves using the HySEA depth-averaged shallow-water numerical model,
both at laboratory and field scales. We evaluate the different sources of error by quantita-
tively comparing the simulations with (i) new laboratory experiments of granular collapses in
different conditions (dry, immersed, dry flow entering water) and slope angles and (ii) numer-
ical simulations made with the SHALTOP code that describes topography effects better than
most depth-averaged landslide-tsunami models. For laboratory configurations, representing
the limits of the shallow-water approximation in such models, we show that topography and
non-hydrostatic effects are crucial. When topography effects are accounted for empirically—by
artificially increasing the friction coefficient and performing non-hydrostatic simulations—the
model is able to reproduce the granular mass deposit and the waves recorded at gauges located
at a distance of more than two to three times the characteristic dimension of the slide with an
error ranging from 1 to 25 per cent depending on the scenario, without any further calibration.
Taking into account this error estimate, we simulate landslides that occurred on Montagne
Pelée volcano, Martinique, Lesser Antilles as well as the generated waves. Multiple collapse
simulations support the assumption that large flank collapses on Montagne Pelée likely oc-
curred in several successive subevents. This result has a strong impact on the amplitude of
the generated waves and thus on the associated hazards. In the context of the ongoing seismic
volcanic unrest at Montagne Pelée volcano, we calculate the debris avalanche and associated
tsunamis for two potential flank-collapse scenarios.

Key words: Numerical modelling; Tsunamis; Submarine landslides; Volcanic arc processes;
Volcanic hazards and risks.

1 I N T RO D U C T I O N

Volcano flank collapses are recurrent processes that are part of the evolution of a volcanic edifice (Siebert 1984; McGuire 1996). These
gravity induced mass movements and debris avalanches can trigger tsunamis (e.g. Kelfoun et al. 2010; Abadie et al. 2012, Gylfadottir et al.
2017; Barrett et al. 2019; Williams et al. 2019; Perttu et al. 2020; Paris et al. 2020).

The dynamics of these natural granular flows and thus the generation of the tsunami is still an open issue (e.g. Yavari-Ramshe & Ataie
Ashtiani 2016). Numerical simulations provide a unique tool to quantify these processes (see Yavari-Ramshe et al. 2015; Behrens et al. 2021,
for a review). However, significant uncertainties have to be taken into account in the simulation of landslide-generated tsunamis regarding (i)
the position and characteristics of the released mass, (ii) the estimation of sources probabilities (Lane et al. 2016; Løvholt et al. 2020), (iii)
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the rheological laws and parameters to be used in the simulations and (iv) the inevitable approximations made in the physically based model.
Each of these uncertainties is a source of active research.

Uncertainties regarding the initial conditions, the material composition (de Haas et al. 2015), the rheological laws and associated
parameters (Delannay et al. 2017; Peruzzetto et al. 2020) can be addressed by running multiple simulations (Løvholt et al. 2020), requiring
huge computational efforts. Simplified depth-averaged models are thus often used for field-scale studies even if they are less accurate than full
3-D models (Gittings 1992; Abadie et al. 2008; Horrillo et al. 2013; Ma et al. 2013). Simplified models are based on the so-called thin-layer
approximation for the landslide and shallow-water or long-wave approximation for the tsunami: the landslide thickness, respectively water
depth, is assumed to be small in comparison with the landslide downslope extension, respectively, tsunami wavelength. Since the pioneering
work of Savage & Hutter (1989), depth-averaged landslide-tsunami models have seen significant developments (Gittings 1992; Mangeney
et al. 2000; Fernandez-Nieto et al. 2008; Abadie et al. 2010; Kelfoun 2011; Kelfoun & Vargas 2015). There are still however a number of
mathematical, mechanical and numerical shortcomings in these models that, when not appropriately addressed, may induce significant error
in the simulation.

In this work, we focus on part of these modelling challenges and on quantifying the effect of their accurate implementation. We know there
is presently no model for landslide-generated tsunamis that accurately deals with all the aspects described below at a reasonable computational
cost and no precise idea of the errors made when neglecting some of them. Despite strong differences between models, most studies conclude
that their model well reproduces laboratory experiments or field data. We believe that a key point for future model improvement is to show,
quantify and analyse uncertainties to reduce bias in modelling.

A major modelling challenge, that we will further call topography effects, concerns the accurate derivation of thin-layer depth-averaged
equations for granular flows for a general 2-D topography b(x, y) (Peruzzetto et al. 2021). This derivation induces two related difficulties: (1)
complex terms linked to topography curvature have to be taken into account and (2) the thin-layer approximation and depth-averaging should
be done in a reference frame following the topography.

The first rigorous derivations of depth-averaged flow equations over arbitrary topographies, with a curvature small enough to be
compatible with the thin-layer approximation, were provided by Bouchut et al. (2003) and Bouchut & Westdickenberg (2004) for a 1-D and
2-D topography, respectively, and solved numerically by Mangeney-Castelneau et al. (2005) and Mangeney et al. (2007a) in the SHALTOP
code. In the resulting equations, two curvature terms appear: one ensures that the flow velocity remains tangent to the topography (as assumed
for thin-layer models) and the other appears when frictional rheologies are used. To our knowledge, only a few landslide models accurately
account for these effects. Only the curvature term related to friction is included in the RAMMS code (Christen et al. 2010; Fischer et al. 2012)
while in FOAM, Rauter & Tukovic (2018) and Rauter et al. (2018) take curvature terms into account implicitly by solving numerically for
the bottom pressure. As there is no model for landslide-generated tsunamis accounting for curvature effects, we will use SHALTOP here to
(i) estimate the error in landslide dynamics and deposits estimated by models simulating both the landslide and the tsunami without properly
accounting for topography effects and (ii) calibrate the models to artificially reduce this error.

A related challenge, poorly addressed in the literature, is the different coordinate systems that have to be considered to describe the
landslide and the tsunami. Indeed, to accurately derive the thin-layer or shallow-water approximation, it is necessary to measure the thickness
of the material involved in the direction roughly normal to the surface of the considered thin flow. Thus, the shallow approximation should be
imposed in a Cartesian horizontal/vertical frame for the tsunami part and in a coordinate system adapted to the topography variations for the
landslide part as stated above. Very few models consider two different coordinates systems (Ma et al. 2015; Delgado-Sanchez et al. 2020)
and none account for topography curvature. While the Volcflow model (Kelfoun et al. 2010) uses a topography-related reference frame for
both the tsunami and landslide parts, the D-Claw model (George et al. 2017) uses Cartesian horizontal/vertical coordinates for both parts, as
in the HySEA code used here. The introduction of non-hydrostatic terms in the equations [Garres-Diaz et al. 2020; eq. (4.9) in Bouchut et al.
2016a] helps reduce the error related to inappropriate coordinate systems (Delinger & Iverson 2004; Zhang et al. 2021a; Garres-Diaz et al.
2020). But additional considerations must also be taken into account in the modelling.

The third challenge is to describe grain-fluid interactions and dilatancy in landslides. Depth-averaged thin-layer landslide models have
recently been improved to partly take into account these interactions (Pitman & Lee 2005, Pudasaini 2012; Mergili et al. 2017), in particular
dilatancy and associated pore fluid pressure effects (Iverson & George 2014; Bouchut et al. 2016b, 2017; Pudasaini & Mergili 2019). However,
these models contain several parameters that are difficult to estimate for field applications and, in their present state, do not accurately describe
the curvature of complex topographies. In the simulation of tsunamis generated by landslides, the moving mass is commonly considered as a
simplified grain–fluid mixture, where fluid effects are reduced to buoyancy and drag between the granular layer and the water layer, without
dilatancy effects (Fernandez-Nieto et al. 2008; Yavari-Ramshe et al. 2015; Ma et al. 2015, Zhang et al. 2021b). The main advantage of these
models is to involve only a few parameters. This is in particular the case for the HySEA model (Macias et al. 2021b) that will be used in this
work.

The fourth challenge concerns the coupling strategy between the landslide flow and tsunami generation. A first approach considers the
combination of the landslide and water as a single layer containing a mixture (the grain-water mass is considered as an effective media;
George et al. 2017) or a multiphase fluid (the grain and fluid equations are both solved; Horrillo et al. 2013; Grilli et al. 2014; Tappin et
al. 2014). A second strategy is to couple models dealing with the different processes: granular flow along the slope, tsunami generation and
tsunami propagation (Abadie et al. 2012; Kim et al. 2019). A third approach, used in our study, considers the granular flow and the water as
two separate layers that are coupled through friction between the two layers as in HySEA (Fernandez-Nieto et al. 2008; Macias et al. 2021b).
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798 P. Poulain

Finally, different level of approximation can be made for the landslide and tsunami description. Lots of models solve shallow-water
(or thin-layer) depth-averaged equations, assuming hydrostatic pressure for both the granular and water layers (Jiang & LeBlond 1992;
Heinrich et al. 1998; Mangeney et al. 2000; Majd & Sanders 2014; Fine et al. 2003, 2005; Fernandez-Nieto et al. 2008; Yavari-Ramshe &
Ataie-Ashtiani 2015). These models suffer from the lack of dispersion in tsunami propagation, potentially leading to significant bias. Indeed,
wave dispersion can be significant (Glimsdal et al. 2013; Ma et al. 2015) when the water wavelength is smaller than or about the same order
of magnitude as the water depth (Yavari-Ramshe & Ataie-Ashtiani 2016). For more than two decades, more advanced depth-averaged models
to describe water wave propagation have been developed based on Boussinesq-type equations (non-hydrostatic pressure), that are weakly or
fully dispersive (Kirby et al. 1998; Zhou et al. 2011; Shi et al. 2012; Popinet 2015; Kirby et al. 2022), as is the case for the HySEA model
(Macias et al. 2021b). Such depth-averaged non-hydrostatic models are also valid only for a sufficiently small ratio of the water depth to the
tsunami wavelength, a limitation inadequately discussed in the literature (Macias et al. 2021a).

The error when using HySEA and the performance and shortcomings of these types of models will be estimated here by comparing
simulations with (i) results from the landslide model SHALTOP better describing topography effects but not the water wave and (ii) eight
laboratory experiments for dry, immersed and dry entering water initial configurations. These experiments are conducted in what can be
considered to be the worst situations (strong slope variations, non-shallowness of part of the flow, conditions beyond the limits of the
Boussinesq one-layer model, etc.), in order to quantify maximum errors. After estimating the error, we will apply the code to past volcanic
flank collapses in Martinique for which we have geological data. Once calibrated on these events, we will use this model to preliminary
estimate the impact of potential flank collapses related to the increasing volcanic activity of Montagne Pelée, Martinique, France (OVSM-IPGP
2019-2021). We will analyse these results in light of our study of the model limitations, in order to better understand the influence of the
volume and morphology of the released mass, multiple-stage events, and the presence of a simplified erodible bed on the run-out distance
and the emplacement of the deposits as well as on the generated water waves and their propagation.

In the next section, we first describe the HySEA and SHALTOP models. In Section 3, we present and compare the laboratory experiments
and associated simulations of granular flows using the two models. In Section 4, we investigate Montagne Pelée flank collapses simulated
with HySEA and discuss the results in Section 5.

2 N U M E R I C A L M O D E L S

To simulate tsunami generated by landslides, we use the HySEA code describing a grain–fluid layer flowing over a fixed bottom z(x, y), with
a water layer on top of it (Macias et al. 2021b). In HySEA, the shallow-water and thin-layer approximations as well as the flow averaging
are done in a Cartesian horizontal/vertical reference frame for both the granular and the water layers. As described above, this assumption
induces error that increases with the slope angle when it is applied to describe granular flow (Delgado-Sanchez et al. 2020). To quantify such
error related to topography effects, we use the SHALTOP code describing dry granular flows over complex topographies, extended to account
for buoyancy effects (see Section 2.3 for the granular rheology). In this way, we can quantify how much the friction parameters should be
artificially increased in HySEA to roughly reproduce the deposit simulated when topography effects are appropriately taken into account.

Due to depth-averaging, these models assume that the flow is either completely mobile or static throughout its depth, which is not always
the case, especially during the starting and the stopping phases (e.g. Ionescu et al. 2015; Martin et al. 2017) or if material is entrained or
eroded (Iverson & Ouyang 2015). To approximate erosion processes in Section 5.2 for field application, we followed Moretti et al. (2012)
by assuming that the static mass on the slope is just added to the flowing mass as the latter passes over the erodible bed. The velocity is
then averaged over the whole mass depth (initially static mass and flowing mass). This oversimplified approach made it possible to quite well
reproduce the dynamics of natural erosive flows when compared to seismic data. It is obviously less accurate than models describing both the
static and flowing part in the granular avalanche (Fernandez-Nieto et al. 2016).

In HySEA and SHALTOP as in most landslide models, the water and the granular mass are assumed to be incompressible and
homogeneous. Therefore, natural complexities such as density variations due to the expansion or contraction of the material and their impact
on pore fluid pressure, segregation and fragmentation processes, or the incorporation of air and/or water are not taken into account, potentially
leading to significant bias in the simulation (see Delannay et al. 2017, for a review and Rauter et al. 2022).

2.1 HYSEA numerical model

The two-layer HySEA code is a 2-D extension of the model proposed by Fernandez-Nieto et al. (2008), but using Cartesian coordinates
and accounting for dispersion effects (i.e. non-hydrostatic) during water wave propagation. HySEA has been developed by the EDANYA
group (Castro et al. 2005; Macias et al. 2015) and is based on an efficient hybrid finite-volume-finite-difference numerical scheme on GPU
architectures (Macias et al. 2021a).

From the depth-averaged equations, the models solves the unknowns (h1,u1) and (h2,u2), representing the vertical height and horizontal
velocity of the water and granular layer, respectively, averaged in the vertical z-direction. The velocities u1 and u2 are thus 2-D vectors in
the horizontal (x, y) plane. Two additional unknowns are involved: the non-hydrostatic pressure p and the vertical velocity w1, leading to
Green–Naghdi equations (Green & Naghdi 1976) written as a non-hydrostatic pressure system. The mass and momentum balance equations
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for the water and granular layers are:

∂t h1 + ∇ · (h1u1) = 0,

∂t u1 + u1 · ∇u1 + ∇ (g (b + h1 + h2) + p) + p

h1
∇

(
h1 + 3

2
(b + h2)

)
= S f,1,

∂tw1 + u1 · ∇ w1 = 3

2

p

h1
,

∇ · u1 + w1 − u1 · ∇ (b + h2)

h1/2
= 0,

∂t h2 + ∇ · (h2u2) = 0,

∂t u2 + u2 · ∇u2 + ∇ (g (b + h2) + g (1−) h1) = S f,2 (1)

with

S f,1 =
{

m f
h2

h2+rh1
‖ u2 − u1 ‖ (u2 − u1) if h2 > 0,

−g n2

h4/3
1

‖ u1 ‖ u1 if h2 = 0.
(2)

S f,2 = − (1−) m f
h1

h2 + rh1
‖ u2 − u1 ‖ (u2 − u1) − gμ

u2

‖ u2 ‖ , (3)

where b(x, y) defines the topography and gravity acceleration g is reduced by a factor:

κ = 1 − ρ1/ρ2 (4)

with ρ1 the density of water, ρ2 the density of the granular material and r = ρ1/ρ2. The first line of S f,1 and S f,2 represent an empirical friction
term between the water and granular layer involving the square of their relative velocity and a drag coefficient m f . When the water is directly
in contact with the bottom—second line of eq. (2), a similar friction between the water and the bottom is assumed involving the Manning
coefficient n. These friction terms are used in HySEA and other landside-tsunami models and the detailed study of these friction terms is
beyond the scope of this paper. The 3 first equations of system (1) represent the mass, horizontal and vertical momentum balance equations for
the water while the forth equation is related to the water incompressibility condition. The two last equations of system (1) represent the mass
and horizontal momentum balance equations for the granular layer for which the pressure is assumed to be hydrostatic and a Coulomb-type
friction law is used with a the friction coefficient μ (see Section 2.3). In system (1), ∇ is the gradient vector in the horizontal (x, y) plane.

When hydrostatic pressure is assumed for the water layer, eq. (1) are reduced to:

∂t h1 + ∇ · (h1u1) = 0,

∂t u1 + u1 · ∇u1 + ∇ (g (b + h1 + h2)) = S f,1,

∂t h2 + ∇ · (h2u2) = 0,

∂t u2 + u2 · ∇u2 + ∇ (g (b + h2 + (1 − κ) h1)) = S f,2. (5)

The non-hydrostatic and hydrostatic versions of HySEA will be used and compared in the following sections for laboratory and field-scale
simulations.

It is well known that hydrostatic models (i.e. shallow-water) predict an accurate phase velocity only for values of kH � 1, where H is
the water depth and k = 2π

λ
is the wavenumber [in practice when H

λ
< 0.05 (Le Méhauté 1976), i.e. for kH < 0.1π ]. Macias et al. (2021a)

showed that the HySEA multilayer non-hydrostatic model makes it possible to extend the validity range of the phase velocity but, for one-layer
models (i.e. depth-averaged), the dispersive relation deviates from full potential theory for kH > 2.5 (see their table 1). In particular, for small
landslides occurring far from the shore and at great depth, it is difficult to accurately simulate the first waves emerging on the top of the
landslide. However, waves calculated far from this non-valid region are still accurate. Multilayer models strongly improve these results but
are out of the scope of this paper.

Let us now continue to simplify the model to show how it can be reduced to the extended version of the SHALTOP model (Section
2.2) that will be used to quantify the error related to topography effects in HySEA. If we assume that the wavelength of the free surface
perturbations surface are long compared to the water depth:

∇ (b + h1 + h2) = 0, (6)

the velocity equation for the granular layer can be simplified using ∇h1 = −∇(b + h2). We then obtain the reduced system:

∂t h1 + ∇ · (h1u1) = 0,

∂t u1 + u1 · ∇u1 + ∇ (g (b + h1 + h2)) = S f,1,

∂t h2 + ∇ · (h2u2) = 0,

∂t u2 + u2 · ∇u2 + ∇ (gκ (b + h2)) = S f,2.

(7)
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800 P. Poulain

Finally, if we neglect shear friction between the water and the granular layer (S f,1 and S f,2), the evolution of the granular layer is
decoupled from the evolution of the fluid layer. Therefore, the evolution of the granular layer can be obtained from the solution of the system:

∂t h2 + ∇ · (h2u2) = 0,

∂t u2 + u2 · ∇u2 + ∇ (κg (b + h2)) = −κgμ

(
u2

||u2||
)

. (8)

This corresponds to eqs (13) and (14) implemented in SHALTOP (Section 2.2) when substituting κg for g, h2 for h and u2 for u with
the simplifications c = 1, s = 0, H = 0 in SHALTOP (see next section). When the friction between the water layer and the avalanche is
neglected, then, the only effect the water plays is a role in the acceleration terms—divide eq. (8) by κ .

2.2 The SHALTOP numerical model

The code SHALTOP solves the depth-averaged equations for dry granular flows on a complex 2-D topography b(x, y) (Bouchut et al. 2003;
Bouchut & Westdickenberg 2004; Mangeney-Castelnau et al. 2005; Mangeney et al. 2007a). Contrary to HySEA, the granular flow is assumed
to be thin in the direction normal to the topography compared to its downslope extension. The equations are depth-averaged along this normal
direction. SHALTOP has been shown to reproduce experimental and natural granular flows, with the limitations inherent to the thin-layer
approximation (e.g. Favreau et al. 2010; Moretti et al. 2012; Peruzzetto et al. 2019).

Peruzzetto et al. (2021) showed that curvature effects due to a complex topography can drastically change the dynamics and deposit of
natural granular flows. They are taken into account in SHALTOP through the curvature tensor of the topography b(x, y):

H =
(

∂2b
∂x2

∂2b
∂x∂y

∂2b
∂x∂y

∂2b
∂ y2

)
. (9)

The normal to the topography at each point is calculated through a 3-D unit upward normal vector [we added an arrow on vectors that
are not in the (x, y) plane]:

En =
(

−∇b√
1 + | |∇b| |2

,
1√

1 + | |∇b| |2

)
= (−s, c) , (10)

where the scalar c = cos(θ ) is the cosine of the angle between the vertical direction and the normal En. The flow is described by:

h ≥ 0, u, (11)

where h is the thickness of the avalanche in the direction normal to the topography, u = (ud , ut ) (.d for downslope and .t for transverse) is a
parametrization of the velocity defined in order to simplify the equations with topography, and u is the velocity norm (see Mangeney-Castelnau
et al. 2005, for more details). In the horizontal Cartesian coordinate formulation, the mass and momentum balance equations model can be
expressed as:

∂t (h/c) + ∇ · (hu) = 0 (13)

∂t u + cu.∇u + 1

c

(
Id − sst

) ∇ (g (hc + b)) = −1

c

(
ut Hu

)
s + 1

c

(
st Hu

)
u − gμcu√

c2 ‖ u‖2 + (s · u)2)

(
1 + ut Hu

gc

)
+
, (14)

where h is the granular thickness in the direction normal to the topography. The subscript + stands for the positive part, x+ = max(0, x)—see
Bouchut and Westdickenberg (2004) and Mangeney-Castelnau et al. (2005) for more details. The signature of the thin-layer approximation
related to the topography can be observed in the presence of c and s in the equations, and, in the right-hand side of eq. (14), in the first two
curvature terms and in the last term representing the Coulomb-type friction law.

SHALTOP has been designed to simulate dry granular flows. However, through the use of reduced gravity, we model buoyancy even if
viscous drag effects are not included. Then, replacing gravity g by κg makes it possible to obtain the submarine flow equations when the drag
friction that couples the avalanche and the water column is neglected [see eq. (8) of the simplified HySEA equations in Section 2.1]. Note
that in SHALTOP, κ is taken to be equal to eq. (4) for the immersed and dry flow entering water cases, even though in the last case it should
have been equal to 1 before the material enters water. This leads to a slower velocity of the aerial part of the collapse for the dry flow entering
water case.

2.3 Friction law

In their seminal work, Savage & Hutter (1989) used a Mohr–Coulomb internal rheology with a constant Coulomb basal friction coefficient
μ. However, this simple law does not allow reproduction of the steady uniform flows observed in the laboratory for a given range of slope
angles. Based on these experiments involving spherical glass beads flowing on a rough bed, Pouliquen (1999) showed that:

Fr = u√
ghcos (θ )

= β
h

hstop (θ )
, (15)
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Model for landslide-generated tsunamis 801

where u and h are the mean velocity and thickness of the flow, Fr is the granular flow Froude number, hstop(θ ) is the thickness of the deposit
left after a steady uniform flow on a slope inclined at an angle θ and the β = 0.136 is a constant for glass beads. This observation was used by
Pouliquen (1999) to propose an empirical friction law valid for steady uniform flows, with a friction coefficient depending on the thickness
and velocity of the flow. Pouliquen & Forterre (2002) extended this law based on experimental measurement of the thickness hstop(θ ) and of
the angle θstart(h) at which a layer of thickness h starts to flow. This law was assumed to be valid for the whole range of possible thicknesses
and Froude numbers even though the experimental data only concerned steady and uniform flows. The friction law involves three friction
angles δ1, δ2 and δ3, the constant β and a fitting parameter L that is of the same order of magnitude as the grain diameter. The angle δ3

corresponds to the asymptote of the curve θstart(h). Depending on the value of the Froude number, the flow is assumed to be in a dynamic
(Fr > β), intermediate (0 < Fr < β) or static regime (Fr = 0) and the friction coefficient can be written as:

μ (h, Fr ) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

μ1 + μ2−μ1

1+ hβ
L Fr

, Fr ≥ β,(
Fr
β

)ξ (
μ1 + μ2−μ1

1+ h
L

− μ3 − μ2−μ1

1+ h
L

)
+ μ3 + μ2−μ1

1+ h
L

, 0 < Fr < β,

min
(
μ3 + μ2−μ1

1+ h
L

, |tanθ i − ∇h|
)

, Fr = 0,

(16)

where μ1 = tan δ1, μ2 = tan δ2, μ3 = tan δ3, i is the unit vector in the x-direction and L is the typical grain diameter. Note that the friction
law in the intermediate regime is given by a power law extrapolation between the friction laws in the static and dynamic friction regimes.
Simulation results have been shown to be poorly affected by the value of the empirical parameter ξ as soon as ξ < 10−2 (Pouliquen & Forterre
2002; Mangeney et al. 2007a). As in these studies, we choose ξ = 10−3. Several studies have focused on these friction laws and possible
extensions to reproduce laboratory experiments on erosion/deposition waves (Mangeney et al. 2007b; Edwards & Gray 2014; Edwards et al.
2017, 2019; Russell et al. 2019) or self-channelling flows and levee formation (Mangeney et al. 2007a; Rocha et al. 2019) but the behaviour
of granular material in the intermediate regime is still largely unknown. This μ(I) type rheology has been first derived from dry granular
flows and further extended to account for grain-fluid effects by changing the inertial number or even by introducing dilatancy (e.g. Pailha &
Pouliquen 2009). Introducing these grain fluid effects is beyond the scope of this paper.

In this study, we use the Pouliquen & Forterre (2002) friction law in HySEA and SHALTOP to simulate subaerial, immersed and dry
entering water granular flows observed at the laboratory scale (Section 4) and field scale (Section 5).

3 E X P E R I M E N TA L DATA

Landslide-generated tsunamis have been benchmarked. At the laboratory scale, benchmarking mainly focused on comparison between
simulated and recorded water waves on gauges (Kirby et al. 2022). Indeed, experimental data rarely provide both the detailed time evolution
of the granular mass and the water waves. For example, only pictures of some granular flows are provided in the NTHMP Landslide Tsunami
Benchmarking Workshop (Kirby et al. 2022) even though laboratory experiments on water waves generated by granular flows are more and
more common (e.g. granular column collapses on a horizontal bed by Robbe-Saule et al. 2021, Sarlin et al. 2021 or gas-fluidized granular
collapse by Bouguoin et al. 2020, 2021). Furthermore, benchmark exercises involve a few experiments in different settings and allow the
fitting of model parameters to reproduce the water waves. The fitted parameters are found to be different for each experiment, with values
that are not always physically meaningful, such as for example the low friction coefficients used by Macias et al. (2021b) in the Pouliquen
and Forterre friction law.

To quantify the error in HySEA simulations of granular flows with independently measured friction coefficients (i.e. without calibration),
we process a series of laboratory experiments on granular masses released on sloping to horizontal beds performed by Viroulet et al. (2014,
2019) for water gauges in entering water and dry experiments; unpublished data for immersed experiments and analysis of dynamics for
all three configurations). These new experiments provide a unique data set of water waves generated by granular flows together with the
time change of the granular mass profiles, conducted in the same experimental set-up for different slope angles, initial conditions (subaerial,
immersed and dry flow entering water) and grain diameters.

These experiments represent demanding conditions for the models because (i) the shallow-water approximation is not always satisfied
for the granular mass (especially at the beginning), (ii) the wave generation area has characteristics out of the range of validity of the dispersive
model and (iii) the bottom slope is far from horizontal and therefore the horizontal/vertical reference frame is not appropriate to describe the
granular flow. As a result, the error in HySEA results when simulating these experiments can be considered in the upper range, making it
possible to clearly highlight the limits of such models. Quantification of this error is essential for analysing the results obtained when applying
the model to simulate field-scale landslides and tsunamis where characteristic dimensions can be, at some locations and/or times, outside of
the limits of model assumptions.

3.1 Experimental setup

The experimental set up consisted of a 2.20 m long, 0.20 m wide and 0.40 m high wave tank with a reservoir filled with 2 kg of glass beads
of diameter d = 4 mm and density ρ = 2500 kg m−3 that is initially released on the slope (Fig. 1); the set-up is similar to the one described
in Viroulet et al. (2014) where details can be found.
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Figure 1. Experimental set-up: (a) initial set-up with relative position of the gauges (1, 2 and 3) and initial mass. (b) During the experiment showing the
thickness of both the granular layer and water column and the position of the camera.

Several experiments were performed with different slope angles. For each slope angle, depending on the initial water depth, the granular
collapse was either dry, fully immersed or dry entering water (Fig. 2). A layer of the same material as the collapsing beads was glued on the
slope and on the bottom of the tank. A vertical gate was used to maintain the initial granular materials of maximum thickness Hi = 0.15 m
from the surface of the beads glued on the bottom of the tank (Fig. 1). This gate was opened vertically using a system of mass and pulley. The
velocity of the gate removal was 1.2 m s–1, lasting about 0.11 s for a granular flow duration of 1.3–2.2 s. In this study, we focus on experiments
obtained on two slope angles (35◦ and 45◦) with three initial water heights above the surface of the particles glued on the bottom of the tank
(0, 0.15 and 0.30 m). An additional experiment was studied for the dry case with d = 1.5 mm. The evolution of the granular collapses and the
generated waves was recorded using a high-speed camera at a hundred frames per second and we extracted their profiles by image processing
every 0.1 s. The error related to the manual picking (each measurement is repeated three times), image distortion, set-up, etc. is estimated to
be about 1.5d ≈ 6 mm for d = 4 mm. The time evolution of the water free surface during the propagation was also recorded by several wave
gauges. Table 1 summarizes the main characteristics of these experiments.

3.2 Granular flow

The dynamics and deposit as well as the generated water waves obviously depend on the configuration (dry, immersed or dry flow entering
water) as observed for example on the 35◦ slope angle (Figs 2 and 3a–c). Note that the gate affects the shape of the released mass that is
entrained by the gate during the initial instants when it is opened (Fig. 3) as was also observed in granular collapse experiments on inclined
planes (see e.g. figs 6a and c of Mangeney et al. 2010).

In the dry case, the granular mass reaches the bottom of the tank about 0.4 s after the release (Fig. 2c). The granular flow is relatively
thin on the slope (2–3 cm). After reaching the bottom, the flow slows down (Fig. 2c) and stops at about 40 cm from the gate (Figs 2d and 3a).

In the immersed case (Fig. 2e), the flow is slower and thicker (around 5 cm) because of strong interactions with water (Figs 2f–g) and
reaches the slope break 0.6 s after the opening of the gate. While flowing down the slope, the flow front becomes thicker than the rest of the
flow (Fig. 2g) because of dilatation effects (Section 3.3). The front deposit is located 5 cm further than in the dry case (Figs 2h and 3b). The
time-series of the granular profiles (Fig. 3) show that the flow is faster on the slope in dry conditions than in the immersed case because of
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Figure 2. Snapshots of three different experiments (Table 1) showing the time evolution of the granular collapse in dry (a–d) (Experiment 1 in Table 1),
immersed (e–h) (Experiment 2 in Table 1) and dry flow entering water (i–l) (Experiment 3 in Table 1) configurations. The experiments are performed on a bed
with a constant slope θ = 35◦ followed by a horizontal plane.

reduced gravity for underwater flow, whereas the deposits extend further in the immersed condition because of less deceleration at the end of
the flow. This may be due to the strong contraction of the granular mass (see Section 3.3) in the immersed case as it reaches the flat bottom,
inducing an increase in pore pressure, thus reducing the granular friction force (e.g. Rondon et al. 2011; Pailha & Pouliquen 2009; Bouchut
et al. 2016b, 2017). The deposit shapes are also different with more mass located near the front in the immersed case.

Finally, for the case of the dry flow entering water (Fig. 2i), the front is strongly decelerated and rounder as the mass enters the water
(Fig. 2j) but it then accelerates sufficiently to become similar to the fully immersed case (Fig. 3). The flow velocity is still however lower
than in the dry case. During its propagation down the slope, the granular front is thick (3–5 cm) and the flow surface has a complex shape
(Fig. 2k). When the flow reaches the bottom, the flow decelerates more rapidly than in the immersed case, leaving a significant part of the
deposit upslope (Fig. 2l). This larger deceleration in the dry mass entering water case may be due to the smaller dilatation of the flow during
its spreading (Section 3.2.2) leading to subsequent smaller compaction, inducing a smaller increase in pore fluid pressure and thus a higher
friction force on the grains (Bouchut et al. 2016a,b). The shorter run-out distance (i.e. front position of the deposit) of the dry mass entering
water case compared to the dry case may be due to the friction with water, especially when the mass enters it.

For a 45◦ slope angle, the overall behaviour is similar to the 35◦ experiments (Figs A1 and 3d–f). As the slope angle increases, the
surface of the granular mass becomes more irregular (Figs A1g, k compared to Figs 2g, k). At 45◦, the flow down the slope is faster for the
case of a mass entering water than for the fully immersed case, both still slower than for the dry case (Fig. A2). On the 45◦ slope, the travelling
distance on the horizontal plane is slightly smaller than at 35◦, despite higher inertial effects, and less material remains on the slope. This
decrease in run-out for 45◦ compared to 35◦ could be related to the longer sloping part that compensates for the higher gravitational force
and higher pressure gradients related to a higher initial height Hi at 45◦ (Fig. A2). The variation of the slope angle (within this range) does
not greatly affect the run-out distance since the abrupt change of the topography towards the horizontal plane greatly slows the flow and is
the main effect controlling the mass stopping. As for the 35◦ slope, the run-out distance is the largest in the immersed case, then in the dry
case, while the shortest run-out is observed in the dry mass entering water case.
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Table 1. Summary of the experimental results and their numerical simulations with θ the slope angle and h1i the initial water height (in cm), Hi and Li the
height and length of the initial mass (in cm), and the friction angles used to perform the simulations. Friction angles and run-out distance obtained with HySEA
fitted on SHALTOP are written in brackets. We used the following parameters: Experiments 1–6 used 4 mm beads, experiments 7 and 8 used 1.5 mm beads.
For experiments 1, 4, 7, 8 the water level is 0. For experiments 2, 5, the water level is 30 cm. For experiments 3, 6, the water level is 15 cm. For experiments
1-3 and 7 the slope angle is 35◦, for experiment 4– and 8 the slope angle is 45◦. For experiments 1–6 the non-fitted friction angles (δ1, δ2, δ3) used in the
simulations are δ1 = 22.1◦, δ2 = 31.8◦, δ3 = 23.3◦. For experiment 7 and 8 the non-fitted friction angles (δ1, δ2, δ3) used in the simulations are δ1 = 24.5◦, δ2

= 34.2◦, δ3 = 25.7◦. Fitted angles used in HySEA simulation of experiment 1–3 are δ1 = 27.1◦, δ2 = 36.8◦, δ3 = 28.3◦, in experiment 4-6 the fitted angles
are δ1 = 29.1◦, δ2 = 38.8◦, δ3 = 30.3◦. Fitted angles used in HySEA simulation of experiment 7 are δ1 = 29.5◦, δ2 = 39.2◦, δ3 = 30.7◦, and δ1 = 31.5◦, δ2 =
41.2◦, δ3 = 32.7◦ for simulation of experiment 8.

Initial mass
height Hi,
length Li

(cm)

Run-out
distance
from the
gate (cm)

Difference of the run-out
distance between experiment

and simulations (cm)

Time-shift
for gauges

�t (s)
Maximum amplitudes of the
generated waves at Gauge 1 (cm)

Hydrostatic Non hydrostatic

Experiment 1
(35◦ Dry)

Experiment Hi = 10.3
Li = 13.1

39.25 - - -

HySEA Non-fitted
(fitted)

52.32 (43.36) 13.07
(4.11)

- - -

SHALTOP 39.68 0.43 - -
Experiment 2
(35◦ Immersed)

Experiment Hi = 11.0
Li = 13.2

44.94 - - 0.32 / –0.65

HySEA Non-fitted
(fitted)

52.96 (43.68) 8.02
(1.26)

0.15 0.7 / –0.25 0.59 / –0.57

SHALTOP 37.44 7.5 - -
Experiment 3
(35◦ Entering Water)

Experiment Hi = 10
Li = 13.53

34.7 - - 1.53 / –1

HySEA Non-fitted
(fitted)

80
(62.7)

45.3
(28)

0.385 2.88 / –0.08 1.32 / –0.3

SHALTOP 37.4 2.7 - -
Experiment 4
(45◦ Dry)

Experiment Hi = 11.4
Li = 10.78

38.6 - - -

HySEA Non-fitted
(fitted)

56.8 (43.36) 18.2
(4.76)

- - -

SHALTOP 37.1 1.5 -
Experiment 5
(45◦ Immersed)

Experiment Hi = 11.5
Li = 10.94

41.84 - - 0.65 / –0.88

HySEA Non-fitted
(fitted)

57.76 (44.0) 15.92
(2.16)

0.18 0.95 / –0.34 0.59 / –0.87

SHALTOP 37.12 4.72 - -
Experiment 6
(45◦ Entering Water)

Experiment Hi = 12.0
Li = 10.88

33.78 - - 2.1 / –1.4

HySEA Non-fitted
(fitted)

92.64 (72.32) 58.86
(38.54)

0.37 3.37 / –0.32 1.49 / –0.46

SHALTOP 37.12 3.34 - -
Experiment 7
(35◦ Dry)

Experiment Hi = 10.32 Li

= 14.1
38.56 - -

HySEA Non-fitted
(fitted)

48.32 (39.84) 9.76
(1.28)

- - -

SHALTOP 35.84 2.72 - -
Experiment 8
(45◦ Dry)

Experiment Hi = 11.8
Li = 11.7

39.84 - -

HySEA Non-fitted
(fitted)

52.48 (40.16) 12.64
(0.32)

- - -

SHALTOP 36.0 3.84 - -

3.3 Dilatation of the granular material

Even though most of the numerical models assume that the granular layer is incompressible, it is well known that granular flows experience
both dilatation and compaction (e.g. Roux & Radjai 1997; Rondon et al. 2011; Pailha & Pouliquen 2009; Bouchut et al. 2016a,b, 2021). This
compressibility impacts the shape and velocity of the flow and thus may be a source of error when not accounted for in numerical models,
especially for granular flows under water (Rondon et al. 2011; Bouchut et al. 2021; Rauter 2021). We quantify these effects here to better
interpret the comparison between incompressible codes and experimental results and therefore discriminate the origins of the error.

Dilatation and compaction of the whole mass are estimated here by measuring, on the snapshots of the experiments, the evolution of the
area of the longitudinal profile of the flowing and deposited mass A with respect to the area of the profile of the initial mass (before collapse)
Ai. At each time, we calculate the relative difference (A–Ai)/Ai. Fig. 4 shows the time evolution of the dilatation/compaction of the mass for
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Figure 3. Position of the hand-picked (i.e. visual inspection without image processing) avalanche surface for the six experiments (Table 1) in dry (a, d),
immersed (b, e) and dry flow entering water (c, f) configurations with slopes θ = 35◦ (a–c) and θ = 45◦ (d–f). The surface positions are represented every 0.1s.
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Figure 4. Evolution of the material dilatation during the different experiments. Error bars represent the variability of the measurement of the landslide-surface.
(a–e): Immersed collapse on a 45◦ slope angle. (a’–e’): Dry flow entering water collapse on a 35◦ slope. The red surface represents the measured area of the
longitudinal profile of the material.
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the different initial configurations and slope angles. The error bars represent the variability of the measurement of these areas on the different
recorded images.

The two dry experiments reach a maximum dilatation of about 27 per cent at 35◦ and 35 per cent at 45◦, respectively. Sometimes after
reaching the bottom of the tank, the mass compacts, leading to a deposit with nearly the same volume as the initial released mass. These results
agree with the experimental measurements shown in Martin et al. (2017, their fig. 6) where a maximum dilatation of 10 per cent was observed
for dry granular column collapse on a 22◦ slope within a 0.2 m wide channel. As expected, the maximum dilatation for the two immersed
experiments is much higher than for the dry experiments, reaching about 38 and 42 per cent for the 35◦ and 45◦ slope angles, respectively.
As in the dry case, the maximum dilatation is reached earlier on the 45◦ slope than on the 35◦ slope. The deposits are relatively compact (a
maximum of 10 per cent dilatation compared to the initial released mass). For the dry granular collapse entering water, the material dilates as
in the dry configuration and compacts, probably due to the impact with water. Then the flow dilates again with a maximum dilatation much
lower than in the fully immersed case, reaching a maximum of ∼25 per cent for both slope angles. It finally compacts with a characteristic
time slightly longer than in the dry case and recovers its initial compaction.

3.4 Observed water wave

During the collapse in the immersed case, a wave is generated at the free surface (Figs 2f–g and A3) that is impacted by the mass released
upon removal of the immersed gate. In the dry flow entering water case, waves are generated at the impact with amplitudes much higher than
for the immersed configuration (Figs 2j and k). In both 35◦ and 45◦ slope configuration, for the dry flow entering water case, the maximum is
reached by the first wave (Figs A4 and A5).

4 S I M U L AT I O N O F L A B O R AT O RY E X P E R I M E N T S

4.1 Simulation of granular flows

Numerical simulations have been performed with the HySEA and SHALTOP codes using the friction law of Pouliquen & Forterre (2002; eq.
16). To allow calculating curvature terms and avoid numerical instabilities, we used a polynomial of degree 2 to smooth the transition between
the sloping and horizontal plane (Fig. 5). The first simulations were obtained by simply adapting the rheological parameters measured by
Pouliquen & Forterre (2002) to our 0.5 mm glass beads, in order to assess the model performance without any fitting procedure. In their
experiments, they took L= 0.65 mm corresponding to 1.3d. Here we thus take L=5.2 mm for d = 4 mm and L = 1.95 mm for d = 1.5 mm.
In experiments with the same set-up, Viroulet et al. (2014) only measured the avalanche angle δ3. To calculate δ1 and δ2, we impose the same
difference between the friction angles as in Pouliquen & Forterre (2002) δ3 − δ1 = 1.2◦ and δ2 − δ1 = 9.7◦. We thus take μ1 = 0.406 (δ1 =
22.1◦), μ2 = 0.620 (δ2 = 31.8◦), μ3 = 0.430 (δ3 = 23.3◦) for d = 4 mm and μ1 = 0.456 (δ1 = 24.5◦), μ2 = 0.680 (δ2 = 34.2◦), μ3 = 0.481
(δ3 = 25.7◦) for d = 1.5 mm (see Table 1). Note that the uncertainty of the avalanche angles is about 1◦ in Viroulet et al. (2014). We also set
β = 0.136 as in Pouliquen & Forterre (2002).

One of the objectives of comparing HySEA and SHALTOP (Figs 5 and A6) is to quantify the error in HySEA simulations due to the
shallow-water approximation and depth-averaging, both done in the vertical direction, inducing errors in the handling of topography effects.
The subsequent step will be to calibrate the friction angle δ1 in HySEA in order to artificially compensate for these errors (full green lines in
Figs 5 and A6). Indeed, as we impose δ3 − δ1, δ2 − δ1, β and L, the only fitting parameter of the friction law is δ1.

Error quantification from comparison between models and experiments is trickier since the gate opening (Ionescu et al. 2015, their figs
14 and 15), wall effects (Martin et al. 2017, fig. 4f; Fernandez-Nieto et al. 2018, their fig. 12b) and diatancy (Fig. 4; Rondon et al. 2011,
Bouchut et al. 2017, their fig. 2, Bouchut et al. 2021) are not taken into account in the models. These processes substantially affect the granular
flow and the generated waves, inducing an error expected to be about 15–20 per cent in the front velocity and deposit. Furthermore, there is
some uncertainty on the initial shape of the released mass (Figs 2 and 3) because of some lateral heterogeneity of the grain distribution and
gate impact. When comparing models with experiments, this error must be kept in mind, as well as the experimental error related to data
processing (about 15 per cent).

4.1.1 Comparison between HySEA and SHALTOP to assess topography error

To compare HySEA and SHALTOP, we first set to zero the friction between the water and the granular layer (m f = 0) and the Manning
coefficient (n = 0) in HySEA [see expressions (2) and (3)]. At a 35◦ slope angle, for the dry collapse configuration, the material flows rapidly
down the slope with HYSEA (green dotted line), significantly faster than with SHALTOP (red solid line). However, both simulations flow
faster than the experiments (Fig. 5b). Such overestimation of the flow velocity in shallow-water models is well known but our results show
that the error related to the horizontal/vertical reference frame is significant since both models are shallow-water. As a result, the global shape
of the mass is more elongated than in the experiments, with a thin layer of material at the front (1 to 2 cm) and a thicker part at the rear, around
4 cm (Fig. 5b). The thickness of the granular layer along the slope in the experiments is greater, partly because of strong dilatation effects at
0.4 s, as detailed in Section 3.3, not taken into account in the models. SHALTOP gives a more accurate representation of the experimental

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/233/2/796/6880158 by Bureau D

e R
echerches G

eologiques Et M
inieres Brgm

 user on 06 February 2023



Model for landslide-generated tsunamis 807

Experiment error Experiment avalanche
Experiment wave SHALTOP avalanche

HySEA (non-hydrostatic) waves
HySEA (non-hydrostatic) avalanche

HySEA (non-hydrostatic) waves with fitted angles
HySEA (non-hydrostatic) avalanche with fitted angles

)m(ecnatsid)m(ecnatsid)m(ecnatsid

he
ig

ht
 (m

)
he

ig
ht

 (m
)

he
ig

ht
 (m

)
he

ig
ht

 (m
)

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

00.20.40.6

0.2

0.1

00.20.40.6

0.2

0.1

00.20.40.6

0.2

0.1

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

0.3

00.20.40.6

0.2

0.1

0.3

(a)

(b)

(c)

(d)

(f)

(g)

(h)

(e) (i)

(j)

(k)

(l)

0 s

0.2 s

0.4 s

3 s

0 s

0.2 s

0.4 s

3 s

0 s

0.2 s

0.4 s

3 s

Initial mass of the 45° slope experiments45° angle slope 

kH = 4.39 -15.7kH = 6.28

kH = 6.28 -7.85kH = 6.28 kH = 3.14 - 6.28kH = 3.14

kH = 5.23 - 9.42kH = 3.14

Dry (  = 35°) Entering Water (  = 35°)Immersed (  = 35°)

Figure 5. Comparison between experimental and numerical simulations of a granular collapse and potential generated water waves (non-hydrostatic) on a 35◦
slope in dry (a–d) (Experiment 1 in Table 1), immersed (e–h) (Experiment 2 in Table 1), and dry flow entering water configurations (i–l) (Experiment 3 in
Table 1) for beads of 4 mm in diameter. The thick light grey line around the blue line represents experimental error. The bottom topography (grey line) and
initial mass (dashed dark red line) of the 45◦ slope experiment are superimposed on (a) to visualize the difference in the initial and boundary conditions for θ

= 35◦ and θ = 45◦. The vertical dotted grey lines on (f, g, j, k) represent the separation between the range of values of kH for the generated waves in the area
above the sloping bed and that in the area above the horizontal bed.
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deposit with a difference in the run-out distance within the range of the experimental error compared to an overestimation of the run-out of
about 10 cm with HYSEA (Fig. 5d). The tail of the deposits is also closer to the tail in the experiment. The global shape of the deposit is
well reproduced with SHALTOP without any fitting procedure. These differences between HySEA and SHALTOP are partly because of the
handling of topography effects as shown in Delgado-Sanchez et al. (2020, their fig. 5a).

For the fully immersed case, the granular material in HYSEA also flows faster than in SHALTOP (Figs 5f and g). They both flow faster
and are thinner than in the experiment, even though the difference between the simulated and observed front velocity is smaller than in the dry
case. As a result, HYSEA generates a water wave a bit earlier than in the experiments. For simulation of the avalanche part, as both models
neglect wall, gate and dilatancy effects, the differences between the models should mainly be the result of different handling of topography
effects. The run-out distance in the experiment is longer than the distance obtained by SHALTOP, probably because of dilatancy effects (see
discussion section 3.3), and shorter than the distance obtained by HySEA (Fig. 5h). SHALTOP reproduces well the emplacement and shape
of the tail of the deposit. This is also the case for HySEA, with a higher error. For the initially dry collapse impacting water, the simulated
granular flows are also faster and thinner than in the experiment, with a more regular surface (Figs 5j and k). HySEA is again faster than
SHALTOP, with greater differences than in the immersed case (compare Figs 5g and k). This could result from the fact that in SHALTOP,
κ = 1 − ρ1/ρ2 within the whole mass even though, for the aerial part of the collapse, the value should have been κ = 1 as detailed in Section
2.2. The overall shape of the deposit obtained with SHALTOP is much closer to the experiment than those from HYSEA (Fig. 5l). The run-out
distance in SHALTOP is slightly longer (by 2 cm) than in the experiment (Fig. 5l), while HYSEA overestimates the run-out by more than 20
cm, consequently significantly shifting the global deposit emplacement (Fig. 5l).

Similar results are obtained for the 45◦ slope angle simulations (Fig. A6). For all configurations, SHALTOP better reproduces the
dynamics and deposit. HySEA flows are always faster than those of SHALTOP, leading to overestimation of the position of the deposit and its
run-out distance. SHALTOP captures relatively well the deposit shape and run-out distance in all configurations and slopes without fitting the
parameters. As a result, topography effects play a crucial role in these extreme configurations and should at least be empirically corrected in
HySEA and more generally in all models where the flow is assumed to be shallow in the vertical direction instead of in the slope-perpendicular
direction.

4.1.2 HySEA calibration using SHALTOP

To empirically reduce the overestimation of the spreading velocity due to inaccurate handling of topography effects, we quantified the increase
in the friction angle required in HySEA to obtain results closer to the granular deposit obtained with SHALTOP. Our objective here was not to
make a fine calibration but to provide an idea of the approximate artificial increase of the friction coefficient in HySEA required to compensate
for errors in the handling of topography. This will help us better interpret the field-scale simulations in section 5. The calibration strategy
used here rely on the fact that HySEA solves the same equations than SHALTOP except for the curvature terms. Another strategy would have
been to calibrate HySEA on the recorded water waves as done in Macias et al. 2021b, leading to unphysically low friction coefficients for the
granular flow, different for each cases, with overestimation of the run-out distance. This could be related to the large number of parameters to
fit in the landslide-tsunami model making the fitting non unique and to the approximations made in the wave propagation model, artificially
corrected by changing the friction coefficient in the landslide model. Fitting both run-out and water wave data would be more appropriate
for accurate wave propagation codes since generated waves encode information on the granular flow dynamics. This is indeed what is done
in landslide seismology where it was shown that fitting landslide models on seismic data provide a unique way to get friction parameters
relevant to the flow dynamics and not only to the deposit (e.g. Moretti et al. 2012, 2015, 2020). This is possible because low frequency wave
propagation generated by landslides is well reproduced by Earth Green’s function. Another aspect that support using the run-out in our fitting
approach is that it is generally the only known field data as in the Martinique case studied here. Obviously, if wave data are available, their
use would refine calibration of landslide–tsunami models as it was done with tsunami data in Gylfadottir et al. (2017).

The solid green lines in Figs 5 and A6 show the simulations obtained with the values of δ1 in HySEA fitted to match the SHALTOP
results in the 35◦ dry experiment. Then, we kept this value constant to investigate as to whether it also improves the results in the other
configurations at the same slope angle. The friction angle δ1 has to be increased by 5◦ in HySEA for a 35◦ slope angle and by 7◦ for a 45◦

slope angle. This fitting little affects the simulation at the initial times (up to 0.2s) as the friction force is small compared to the inertia forces
at these instants (Mangeney-Castelnau et al. 2003, their fig. 16). However, it improves the results later on by clearly slowing the flow, leading
to better estimates of the deposit for all cases, even though the simulated deposit shape is always more elongated, leaving a thin deposit
upslope that is neither observed in SHALTOP nor in the experiments. This may be due to the increase of δ2 that has a dominant impact at
low velocities (Mangeney-Castelnau et al. 2005, their fig. 15). However, such thin flows on the slope should only have a small impact on
generated water waves.

In real case scenarios, the slopes are often gentler for the major part of the landslide path. When fitting HySEA to SHALTOP for similar
dry configurations we obtained an increase of 0.5◦, 0◦ and 0◦ for granular collapses on 20◦, 10◦ and 0◦ slopes, respectively (Fig. A7).

Finally, the HySEA simulations show that there are almost no differences between the granular flows calculated for hydrostatic and
non-hydrostatic descriptions of the water layer (Figs A8 and A9). Note that the equations for the avalanche layer are always hydrostatic in
HySEA. More differences would obviously be observed if a non-hydrostatic contribution were added for the granular flow (Garres-Diaz et
al. 2020; Zhang et al. 2021a), but this is outside the scope of this paper.
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4.1.3 Influence of grain diameter

We also tested the influence of bead diameter on the experiments and simulation results in the dry case. We took d = 4 mm and d = 1.5 mm in
the experiments and made the corresponding simulation with the L parameter chosen accordingly, L= 5.2 mm and L= 1.95 mm, respectively.
The experiments were performed again on two different slope angles of 35◦ and 45◦ (Fig. A10). There are only small differences in the flow
and deposit with the two grain diameters. The granular mass made of 4 mm particles flows slightly faster and further than the 1.5 mm particles
for the two slope angles. The deposit at the rear of the mass is slightly more rounded and further downslope for the 4 mm particles. Depending
on the experiment and time, the differences are slightly higher or within the uncertainty of the experimental measurements. Interestingly the
simulations qualitatively reproduce these small differences.

4.2 Simulation of water waves

The simulations and experimental results are compared at two gauges located at 45 and 75 cm from the gate, respectively. The simulations are
shifted by a time t because the wave is generated too early in simulations because of the higher flow velocity inherent to shallow-water models
(see Table 1 and arrows in the figures for the values of this time-shift). We used the same time-shift for the hydrostatic and non-hydrostatic
simulations. The Figs A4 and A5 show that for both the immersed and dry entering water cases, the non-hydrostatic model is needed to well
reproduce the observed waves. However, even if the long wavelength waves at the gauges are well reproduced by the simulation (Figs A4, A5
and A11), the water waves just above the granular mass, with shorter wavelengths, are poorly handled. This is partly due to the too high value
of kH in this zone (see numbers in grey in Fig. A11), outside of the validity domain of the model (see discussion in Section 2.1). This is a
key issue in this kind of models that should be deeper investigated but that is beyond the scope of this paper. Furthermore, complex physical
processes occur at the impact of a granular mass with water that are not described in the simple depth-averaged model used here (Bougouin
et al. 2020).

4.2.1 Influence of water-avalanche, and water-bottom and granular friction

As we wanted to calibrate HySEA using SHALTOP (using the run-out distance) to artificially correct for topography effects, we did not
include friction between the granular layer and the water (m f = 0) in the previous sections. We also assumed no friction between the water
and the bottom (n = 0). These friction coefficients are poorly constrained in the literature and often fitted to better reproduce the water waves
for each studied case (Macias et al. 2021b).

Fig. 6 shows how the friction angles in the granular friction law (eq. 16) change the simulated waves (here we set m f = 0 and n = 0). As
the friction angles fitted in HySEA to reproduce SHALTOP deposit are higher than the laboratory derived friction angles, the granular flow
simulated with these fitted angles is slower, leading to smaller amplitude of the first water wave whatever the studied case. A difference of
maximum 20 and 10 per cent is observed in the wave amplitude for the immersed and dry entering water case, respectively. In the immersed
case, the waveform is better reproduced with the fitted friction coefficients at the closest gauge 1 while this is the contrary at gauge 2. In
the dry entering water case, the wave amplitude is closer to observation with non-fitted friction angles at the closest gauge even though the
simulated wave is substantially underestimated in the case of granular flow entering water at 45◦ slope (Figs 6g and h).

Figs 7 and A11 show the influence of the friction coefficients on both the water wave and the granular avalanche for n ∈ [0, 0.1] m−1/3

s and m f ∈ [0, 1] m−1.
When varied between 0 and 0.1, which seems to be an upper bound in the literature, the Manning coefficient n has almost no impact on

the granular avalanche or on the first generated waves (see Fig. A11 for the wave). Its effect is still small but higher on the second and third
waves. As there is no value that improves the results in all the configurations, we arbitrarily chose the intermediate value n = 0.05 m−1/3 s.
Note that Escalante et al. (2019) used n = 0.01 m−1/3 s for water/glass friction. In our case, as glass beads are glued to the bottom surface,
this coefficient should be higher.

The friction coefficient m f between the water and granular layers slightly impacts the water wave and the avalanche when its value is
higher than 0.1 (Fig. 7). As m f increases, it decreases the wave amplitude in the immersed cases (Figs 7a and b) and increases it in the dry
flow entering water cases (Figs 7c and d), probably because of the increased coupling between the entering mass and the water column. The
wave amplitude is changed by a maximum of 7 per cent for m f = 1 m−1 compared to m f = 0 m−1. In the immersed case, depending on the
times and gauges, the simulated waves are slightly better either with m f lower than 0.1 or with m f higher than 0.1. In the dry flow entering
water case, the results seem better for values of m f higher than 0.1. Concordant results are obtained for the avalanche run-out that is better
for high values of m f in the dry flow entering water case and for smaller values for the immersed case. Note here that other dissipation terms
such as pressure drag or added mass effects would also have an influence, but they are beyond the scope of this paper. We thus arbitrary
choose m f = 0.1 m−1, a value compatible with Gonzalez-Vida et al. (2019).

4.2.2 Hydrostatic versus non-hydrostatic water wave

When considering the hydrostatic simulation for the fully immersed or dry flow entering water cases, the maximum wave heights generated
by a granular collapse on a 35◦ slope are overestimated by the hydrostatic HySEA simulations (Fig. A4). Moreover, depending on which
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Figure 6. Impact of the fit of the friction angles (δ1, δ2, δ3) used in the Pouliquen & Forterre (2002) friction law on the simulated water wave at gauges 1
(a, c, e, g) and 2 (b, d, f, h) for the non-hydrostatic HySEA in the immersed and dry entering water cases at 35◦ and 45◦ slopes. The blue lines represents the
experiments and the red and yellow lines the simulations with fitted and non-fitted friction angles, respectively. Simulation waves have been synched in time to
the experiment. The time-shift �t is represented by the grey arrow.

wave is taken into account to define the maximum amplitude, the error compared to the experiments can vary from a 25 to 100 per cent.
Overall, hydrostatic simulations strongly overestimate the first wave and underestimate the following troughs and waves, as is well known in
the literature (Ma et al. 2015). On the other hand, when considering the non-hydrostatic version of the numerical model, the simulations give
a much better representation of the wave amplitude and wavelength with an error varying from 10 to 25 per cent.

As an example, for the immersed case at 35◦, the hydrostatic simulation overestimates waves by up to 100 per cent for the maximum
amplitude and the trough is underestimated by more than 100 per cent. The non-hydrostatic simulation gives a good to very good approximation
of the first waves for the immersed and dry flow entering water cases at both gauges. The maximum difference between simulated and measured
waves is obtained in the dry flow entering water case where the first simulated wave is underestimated by 15 per cent. The same behaviour is
obtained on a 45◦ slope (Fig. A5).

As stated in Section 2.1, the hydrostatic approximation has been shown to be practically applicable for kH lower than about 0.35. In
the experiments simulated here, kH is always higher than 3, extending up to >10. As a result, even the non-hydrostatic simulations with the
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Figure 7. Impact of the avalanche/water friction coefficient (m f ) on the evolution of the free surface from the experiments and the simulations at gauges 1 (a,
c) and 2 (b, d) for the non-hydrostatic HySEA simulations with a fitted friction coefficient for a 35◦ slope configuration. Simulation waves have been synched
in time to the experiment. The time-shift �t is represented by the grey arrow. Impact of the avalanche/water friction coefficient (m f ) on the evolution of an
avalanche on a 35◦ slope for immersed (e,f) (Experiment 2 in Table 1) and dry flow entering water (g, h) (Experiment 3 in Table 1) configurations. The blue
lines are the evolution of the water free surface of the experiments. The red, green, light blue and purple lines represent the evolution of the water free surface
of the simulations.

HySEA one-layer model are not always in their validity range (Macias et al. 2021a). This is in particular the case in the generation area where
small wavelengths are generated (Figs A6f–h and j–k, A8f–h and j–k). However, our simulations show that theses waves are still confined in
the generation area during the simulation and only slightly pollute the longer wavelength waves recorded further away at the gauges. Indeed,
non-hydrostatic simulations reproduce relatively well the waveforms at the gauges despite these spurious waves trapped in the generation
area.
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Consequently, the comparison between simulations and laboratory experiments demonstrates the limitation of the codes and makes it
possible to quantify, in simple situations, the error in the calculated granular flow and deposits and in the generated water wave. With an
estimate of the error, it is possible to better interpret the simulation of geological events, in particular in view of quantifying the associated
hazards. Let us now compare the hydrostatic and non-hydrostatic approximation of the water layer in the natural context of the Montagne
Pelée volcano (Martinique).

5 A P P L I C AT I O N T O A G E O L O G I C A L C A S E : I N S I G H T I N T O M O N TA G N E P E L É E
L A N D S L I D E S A N D G E N E R AT E D WAV E S

5.1 Geological description and data preparation

5.1.1 Flank-collapse history and unrest at Montagne Pelée volcano

Martinique is located in the central part of the Lesser Antilles Arc. Volcanic activity on Martinique covers a period from the early Miocene to
present. Montagne Pelée volcano in northern part of Martinique is an explosive-type active volcano that has experienced numerous magmatic
and phreatic eruptions including the 1902–1905 and 1929–1932.

During the last 130 Ma years, three flank collapses reshaped the western part of the Montagne Pelée volcano (Fig. 8a) with volumes
estimated from 1.8 km3 for the last event at 36 ka BP (DAD3) to 25 km3 for the oldest event (Le Friant et al. 2003a; Boudon et al. 2007;
Le Friant et al. 2015, 2019, Brunet et al. 2016, Solaro et al. 2020). The volcanic debris-avalanche component of these landslide deposits is
restricted to proximal areas and tends to stop at the break in slope in the bathymetry whereas the distal part of the landslide deposit, called
SLD (Submarine Landslide Deposit), results from widespread failures of pre-existing low topographic gradient seafloor sediments (Le Friant
et al. 2013, 2015, 2019). In Fig. 8(a), DAD3 is the debris avalanche deposit related to the last flank-collapse event (36 ka) whereas the
morphological bulge (the three blue lines) result from the accumulation of the two older debris avalanche deposits related to the two older
flank-collapse events (Brunet et al. 2016; Le Friant et al. 2015, 2019). The dynamics of these debris avalanches and their deposits remain
unclear. Brunet et al. (2017) discussed the landslide dynamic by modelling the emplacement of DAD3 using SHALTOP and HySEA models.
They performed sensitivity tests with SHALTOP and HySEA and concluded that large flank collapses (about 20 km3) probably occurred in
several events with successive volumes smaller than 5 km3 entering the sea. In their simulations, they did not took into account the presence
of an erodible bed, the precise reconstruction of the topography and the variation of the friction angle with collapsed volumes.

The last magmatic eruption produced a large lava dome inside an explosive crater that was excavated in the lava dome from the
1902–1905 eruption. The 1929–1932 lava dome was built on the border of the summit caldera (Cratère de l’Etang Sec). Its prominent talus
slope extends to the south several hundred metres below the rim. The activity of Montagne Pelée volcano decreased significantly after the
end of the last eruption in 1932 (Fig. 8b). Fumarole activity has stopped since 1970. However, since April 2019, volcanic seismic activity has
been increasing. In November 2020, the OVSM-IPGP recorded a new marked increase in the seismicity and the appearance of long-period
earthquakes and volcanic tremors (OVSM-IPGP 2020-2021). Observation at the end of December 2020 of a zone of degraded vegetation
on the southeastern flank of Mount Pelée has suggested that diffuse CO2 of magmatic origin may be degassing. These observations reflect
an increase in the activity of the hydrothermal system of Montagne Pelée. However, the OVSM-IPGP has not recorded any evidence of
large-scale deformation or high-temperature sulfur gas emission.

In this context of reactivation, the past flank-collapse history of Montagne Pelée, that is its structure with the last dome of 1929
located within and overlapping the rim of the Etang Sec caldera, with a steep non-buttressed talus slope rising nearly 800 m above the
surrounding topography, could favour instability, as observed on other volcanoes (Harnett et al. 2019). Such failure could depressurize the
magmato-hydrothermal system, trigger laterally directed explosions (blasts) and generate the emplacement of potentially tsunamigenic debris
avalanches. To conduct a preliminary assessment of this problem with a numerical simulation of failure, we first perform sensitivity tests on
the collapsed volumes (by adapting the friction angles used with volumes) based on the current geological knowledge of Montagne Pelée
volcano. We also test the effects of an erodible substratum. These sensitivity tests allow us to provide a range of run-out distances and
sea surface elevations as a function of the different collapsed volumes. We then investigate two (non-exhaustive) deterministic scenarios of
potential collapse (1929 Dome scenario and Dome slope scenario) related to the current heightened seismicity and volcanic unrest (Fig. 8).

5.1.2 Collapse scenarios and data preparation

The stability of Montagne Pelée volcano is difficult to assess because of the lack of geotechnical data. To perform sensitivity tests and calibrate
the model, we use the geometric and geological constraints of the three large flank-collapses identified on Montagne Pelée volcano to define
the scars and volumes of the collapse scenarios (Le Friant et al. 2003a, b; Brunet et al. 2016, 2017). To reconstruct pre- and post-topography
of Montagne Pelée volcano, we use the topography provided by IGN and the bathymetry collected during the AGUADOMAR expedition
(Deplus et al. 2001). The topography and bathymetry were combined to build a 100 m resolution Digital Terrain Model (DTM). The DTM
was modified to reconstruct the topography before the flank collapses by replacing the submarine deposits with a smooth slope. This DTM
was then modified to reconstruct the pre- and post-topography for different volumes ranging from 1.8 to 16.2 km3 (Fig. 9a). Note that in this
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(a)

(b)

Figure 8. (a) Terrestrial digital elevation model (from IGN) with Montagne Pelée volcano (red star) and bathymetric map from the AGUADOMAR (1999)
and CARAVAL (2002) cruises, adapted from Brunet et al. (2017). The three horseshoe-shaped structures are represented on land (Le Friant et al. 2003a, b).
The extents of submarine landslide deposits are plotted with black lines from Brunet et al. (2016). The debris avalanche deposit DAD3 related to the last
flank collapse event is in blue and the three blue contour lines represent the bulge associated with older debris avalanche deposits (associated with older flank
collapses). The three diamonds represent the position of the gauges used to monitor the sea surface elevation generated by the debris avalanches. Inset: Lesser
Antilles Arc map on the left-hand side, with Martinique Island and both the active arc (red dotted line) and older arc (orange dashed line), (figure adapted from
Brunet et al. (2017)). (b) Terrestrial digital elevation model (from IGN) showing the Montagne Pelée volcano and the old flank-collapse structures in purple.
The two lava domes of 1929 and 1932 are indicated (pink and blue) inside the ‘Etang Sec’ caldera (yellow line). The two potential flank-collapse scenarios
related to the reactivation of the volcano are indicated with horseshoe-shaped structures in red and orange. The areas of ongoing seismic activity are contoured
in blue and orange and the degraded vegetation area is contoured in yellow.
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Figure 9. (a) Collapse geometries of scenarios with different volumes for the sensitivity tests. (b) Slope variations along a profile crossing the volcano and
submarine flanks. The mean slope angle is shown with dotted lines averaged along sections between five main slope breaks. (c) Geometry of the 1929 Dome
scenario. (d) Geometry of the Dome slope scenario.

study, the reconstruction of the first event result in an estimated volume of 16.2 km3 for the largest event, which is a bit smaller than the
estimation of Le Friant et al. (2003a). The reconstruction of the pre-event topography was done using the isolines from the area of the volcano
outside the collapse scar. Four different flank collapse scenarios involving volumes of (a) 1.8 km3, (b) 16.2 km3 and (c) 1.8 km3 subdivided
into three successive subevents of 0.6 km3, and (d) 16.2 km3 subdivided into three successive subevents of 6.9 km3, 5.9 km3 and 3.7 km3,
have been investigated.

Finally, to provide a first assessment of the potential instability of the edifice in the context of the unrest at Montagne Pelée since 2019,
we focus our attention on the 1929–1932 lava dome located within the summit caldera. Given the current unrest conditions related to the
location of volcano-tectonic seismicity and the zone of damaged vegetation, we consider that the scenario involving the partial collapse of
the 1929–1932 dome is the most critical to investigate and to model (Fig. 8b). We consider two scenarios. The first scenario concerns the
1929–1932 lava dome (1929 Dome scenario) with an estimated volume of 57 × 106 m3. The second scenario concerns the collapse of part
of the dome slope (Dome slope scenario, estimated volume 9.8 × 106 m3; Figs 8b, 9c and d). We use a 30 m resolution DTM provided by
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Table 2. Main characteristics, friction angles and results of the simulated scenarios for volcano landslides at Montagne Pelée.

SHALTOP
Volume
(km3)

Run-out
distance

(km)

Offshore
distance

(km)

Covered
surface
(km2)

Deposit
maximum

thickness (m)

Friction
angles

δ1, δ2, δ3 (◦)

Single events

- 1.8 39.4 33.4 184.2 29.3 2, 12, 4
HySEA Volume

(km3)
Run-out
distance

(km)

Offshore
distance

(km)

Covered
surface
(km2)

Deposit
maximum

thickness (m)

Friction
angles

δ1, δ2, δ3 (◦)

Single events

- 0.01 2.5 0 3.4 8.8 4.7, 14.7, 6.7
- 0.05 10.3 4.5 22.5 48 3.7, 13.7, 5.7
- 0.6 26.5 21.4 122.5 29 2.4, 12.4, 4.4
- 1.2 31.3 26 168.6 30.1 2.1, 12.1, 4.1
- 1.8 38.6 32.9 343.4 28.3 2, 12, 4
- 6.9 39.3 33.3 522.4 51.2 1.4, 11.4, 3.4
- 12.8 46.5 41.3 782.1 54.9 1.1, 11.1, 3.1
- 16.2 50.4 44.4 1105.7 53.3 0.9, 10.9, 2.9

Successive subevents (erodible deposits)

1.8 km3 subevent 1 0.6 26.5 21.4 122.5 29 2.4, 12.4, 4.4
subevent 2 0.6 27.7 22.5 148.1 33.3 2.4, 12.4, 4.4
subevent 3 0.6 29.2 23.5 183.3 44.6 2.4, 12.4, 4.4

16.2 km3 subevent 1 6.9 39.3 33.3 522.4 51.2 1.4, 11.4, 3.4
subevent 2 5.9 41.3 35.3 673 57.7 1.4, 11.4, 3.4
subevent 3 3.7 41.4 35.4 688.3 69.9 1.6, 11.6, 3.6

Successive subevents (non-erodible deposits)

1.8 km3 subevent 1 0.6 26.5 21.4 122.5 29 2.4, 12.4, 4.4
subevent 2 0.6 27 21.5 133.5 43 2.4, 12.4, 4.4
subevent 3 0.6 28 22.3 155.2 53 2.4, 12.4, 4.4

16.2 km3 subevent 1 6.9 39.3 33.3 522.4 51.2 1.4, 11.4, 3.4
subevent 2 5.9 39.5 33.5 564 71.7 1.4, 11.4, 3.4
subevent 3 3.7 39.6 33.6 578.9 91.3 1.6, 11.6, 3.6

Martinique unrest scenario

Dome slope scenario 0.0098 5 0 4 27.9 4.7, 14.7, 6.7
1929 Dome scenario 0.057 13.9 8.2 33.9 57 3.7, 13.7, 5.7

IGN, the Litto3D data (IGN-SHOM) and the HOMONIM DTM provided by SHOM to reconstruct the topography and the bathymetry and
perform numerical simulation.

5.2 Sensitivity tests on volumes, number of events and erodible substratum

5.2.1 Debris avalanches

The values of the friction angle to be used is still the subject of debate. Lucas’s empirical law derived from dry debris avalanches (Lucas et
al. 2011) has yielded a good fit for some volcanic contexts (Zhao et al. 2015) but was not able to reproduce the deposit in Martinique (Brunet
et al. 2017) or in Guadeloupe (Perruzzeto et al. 2019). In these last two cases, a smaller friction coefficient was needed, suggesting that the
observed greater mobility of the volcanic debris-avalanches could be explained by the presence of meteoric water, pressurized hydrothermal
fluids and highly hydrothermally altered material in the sliding mass. To determine the friction angles to be used in this study, we start from
the Lucas’s empirical relationship (Lucas et al. 2011):

tan (δ) = V −0.0774 (17)

and combine it with the results of Brunet et al. (2017), who have calibrated the angles for the 1.8 km3 volume collapse of Montagne Pelée with
geological constraints. For the 1.8 km3, Lucas’s empirical law suggests that δ = 11◦. However, Brunet et al. (2017) show that the deposits are
best reproduced using δ = 6◦ for a Coulomb’s type law, probably because of the presence of water. We therefore modify Lucas’s empirical
law by introducing a constant α to fit the result of Brunet et al. (2017):

tan (δ) = αV −0.0774 (18)

with α = 0.54.
We then deduced the δ angles for each volume reported in Table 2. Given that Brunet et al. (2017) reproduced the 1.8 km3 collapse of

Montagne Pelée with δ = 6◦ for the Coulomb friction law and with δ1 = 2◦, δ2 = 12◦ and δ3 = 4◦ for the Pouliquen and Forterre friction law,
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Figure 10. Final deposits calculated for the 1.8 km3 flank collapse with (a) the SHALTOP model and (b–e) the HySEA model. m f represents the drag
coefficient between the water and the granular avalanche and n is the Manning coefficient. Blue lines represent DAD3 observed on the submarine flank of the
volcano. Dashed white lines represent the result of the simulation conducted by Brunet et al. (2017).

we calculate δ1from equation (18) by imposing:

δ1 = δ − 4◦ (19)

and calculate δ2 and δ3 using the formula defined in Section 4.1. All the angles used in the series of simulations are reported in Table 2.
In this section, we first test the influence of one single event versus multiple-stage events and the influence of a potential erodible

substratum using the friction angles defined previously.

Single slide events To compare HySEA and SHALTOP for the 1.8 km3 flank collapse, we use the following angles: δ1 = 2◦, δ2 = 12◦ and
δ3 = 4◦, and we first set to zero the friction between the water and granular layer and the Manning coefficient in HySEA (Figs 10a and
b). SHALTOP gives a more accurate representation of the deposit while the run-out distance using HySEA is longer. As seen from the
experiment, when the slope is smaller than 15–20◦, (here the average slope is about 7.6◦, Fig. 9b), we do not have to fit the friction angle in
HySEA to get closer to the deposit obtained with SHALTOP. Here, we then just introduce a drag in HySEA between the water and granular
layer with a coefficient (mf) and the Manning coefficient (n). We used a Manning coefficient n = 0.02 m−1/3 s since our laboratory-scale
study showed that it barely affects the water wave and even less the granular flow (Fig. A11). We test different values of the drag coefficient
mf = 1×10−5, 1.5 ×10−5, 2×10−5 m−1 (Figs 10c, d and e). Note that the drag coefficient mf has dimension of m−1 so that its value at the
field scale should be about 10−3 smaller than its the laboratory-scale value. Including a drag coefficient of 1.5×10−5 m−1 and a Manning
coefficient of 0.02 m−1/3 s, we obtain the best deposit with a run-out distance similar to the observed deposit (Fig. 10d). We then compare the
flow dynamics between SHALTOP (δ1 = 2◦, δ2 = 12◦ and δ3 = 4◦) and HySEA (δ1 = 2◦, δ2 = 12◦ and δ3 = 4◦ with a friction coefficient and
a Manning coefficient of 0.02 and 1.5×10−5), respectively. With SHALTOP, most of the volume of the slide initially flows rapidly downslope
in the horseshoe structure, then to the coastline and offshore (Fig. A12a). A relatively small part of the slide spreads to the north whereas
the main part of the slide bounces off the south side of a pre-existing erosive channel. The maximal run-out distance, reached after 300 s,
is 33.4 km from the coastline (Fig. A12c). When the front stops, some material is still moving at the back of the front. This material then
accumulates in the front and centre of the deposits and a tail develops behind the main mass at between 300 and 600 s (Figs A12c and d). As
expected, the results are similar even though the flow simulated with SHALTOP is slightly faster (Figs A12a–h). The maximum thickness of
material reaches 29.3 and 28.3 m for SHALTOP and HySEA, respectively, which is coherent with observations from Le Friant et al. (2003a,
b). Results from numerical simulations using SHALTOP and HySEA confirms that HySEA can be used as it gives a good run-out estimation
of the flow. Note however that SHALTOP better reproduces the detailed morphology of the deposit with HySEA displaying a larger spreading
of the deposits on the steep submarine slopes (Figs A12e–h). We use HySEA in the following section.

To investigate additional scenarios other than the 1.8 km3 event, we use HySEA to calculate the run-out distances for 7 volumes (ranging
from small flank collapse volumes to the largest volume reconstructed on Montagne Pelée volcano): V = 10 × 106 m3, V = 50 × 106 m3,
V = 0.6 km3, V = 1.2 km3, V = 6.9 km3, V = 12.8 km3, V = 16.2 km3, (Fig. 11). The debris avalanche related to the smallest event
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Figure 11. Final deposits pathways and extensions simulated with the HySEA model for all the sensitivity tests on Montagne Pelée.

(10 × 106 m3) does not reach the sea. The debris avalanche associated with the 50 × 106 m3 enters the sea and propagates over a distance of
2 km after the coastline. The 0.6 km3 event deposit stopped at 21.4 km after the coastline. The dynamics of the 6.9 km3 event are similar to
those of the 16.2 km3 event presented afterwards but with a smaller run-out distance of 33.3 km after the coastline and covering an area of
522.4 km2. Finally, a maximum run-out distance of 41.3 km after the coastline is obtained for a flank collapse of 12.8 km3. Regarding the flow
dynamics of the debris avalanche associated with the largest volume (16.2 km3), most of the material of the slide flows rapidly downslope to
the southwest in the horseshoe structure and then to the coastline and offshore (Figs A13a and b). The avalanche continues to flow, creating
one main location of deposition (purple arrow in Fig. A13d) located at the front of the flow. A part of the material stays within the structure.
The debris avalanche reaches a maximum run-out distance of 44.4 km from the coastline (Table 2) and a maximum deposit thickness of about
53.3 m. These results are not in agreement with the observations as the bulge (three blue lines in Fig. 8a), related to the debris-avalanche
deposits associated with the event, is located 35 km from the coastline.

One slide event versus three subslide events To test the effect of a flank-collapse occurring in successive retrogressive subevents as suggested
by Brunet et al. (2017), the 1.8 and 16.2 km3 volumes were each divided in three smaller volumes that slide one after the other, but the values
of the friction angle were modified for each volume, contrary to the previous work of Brunet et al. (2017; Table 2).

First, for the 1.8 km3 volume, we investigate the influence of the nature of the substratum (erodible or not) on the flow dynamics and
deposit. Two sets of simulations were performed considering each previous deposit either as an erodible substratum or as a solid topography
for the following event. The parameters used are summarized in Table 2. For the erodible case, Fig. A14 shows: (i) a yellow dashed line
delimiting the extent of the deposit resulting from the first subevent simulation (0.6 km3) with a run-out distance of 21.4 km from the coastline
after 3000 s, (ii) a green dotted line delimiting the extent of the deposit resulting from the second subevent simulation (0.6 km3) with a run-out
distance of 22.5 km from the coastline after 3000 s and (iii) a coloured area representing the deposit resulting from the third subevent of 0.6
km3 after 250 s. Figs A14a and b show that the third debris avalanche spreads above the previous deposit forming an erosion/deposition wave
as observed for laboratory-scale dry granular flow experiments and simulations (Pouliquen & Forterre 2002; Mangeney et al. 2007b; Edwards
et al. 2017; Viroulet et al. 2019) and for field-scale simulations (Moretti et al. 2012, their fig. 2d). The wave propagates beyond the front of the
previous deposit, increasing the run-out distance (23.5 km from the coastline; Figs A14a, c and e). For the non-erodible substratum situation,
the dynamics are different and no erosion/deposition waves are observed for the second or third subevents. The material just accumulates on
the top of the thickest part (Figs A14b, d and f) and the run-out distances are smaller.
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Figure 12. Final simulated deposits of the 1.8 km3 collapse scenario occurring in (a) one single event or (b) three successive subevents. Blue lines represent
the observed DAD3 associated with the last flank collapse event of Montagne Pelée. Dashed white lines represent the result of the simulation conducted by
Brunet et al. (2017). Final deposit of the 16.2 km3 collapse scenario occurring in (c) one event or (d) three successive subevents (6.9 km3, 5.9 and 3.7 km3,
with erodible deposits). Blue contour lines represent the observed bulge limits indicating the maximum run-out distance of the 16.2 km3 flank collapse events
at Montagne Pelée (Brunet et al.2017).

In both cases (erodible or non-erodible), the final run-out distance for the 1.8 km3 flank-collapse occurring in three smaller subevents
is shorter than the observed deposit (blue line in Figs A14e, f and Table 2) suggesting that this event occurred in one single event (Figs 12a
and b). We then investigate, for the erodible case, the effect of successive sub-events for the maximum volume of 16.2 km3 that we divided
into three volumes (6.9, 5.9, and 3.7 km3). When considering one single event, the maximum thickness of material is located at the front of
the deposit (53.3 m) and the final run-out distance is longer (44.4 km; Fig. 12c). The final run-out distance is smaller for three successive
subevents (35.4 km versus 44.4 km; Fig. 12d). The three successive subevents lead to a maximum thickness of deposit located near the front
(69.9 m). The dynamics are similar for the successive subevents 2 and 3 with the material spreading across the previous deposits, not really
increasing the run-out distance. The best fit between the observations of the bulge and the results of the numerical simulations is obtained for
three successive subevents.

These results tend to support the hypothesis, for the 16.2 km3scenario, of a large event that occurred in smaller subevents at Montagne
Pelée. Therefore, the 6.9 km3 seems to be a maximum volume for any subevent, but it is possible that the 16.2 km3 flank collapse is composed
of more than three even smaller subevents.

5.2.2 Generated waves

In this section, we simulate the wave generation and propagation with the hydrostatic and non-hydrostatic versions of the HySEA model for
the five different flank collapse scenarios of Montagne Pelée involving volumes of 50 × 106 m3, 1.8 km3, 1.8 km3 subdivided into three
successive sub-events, 16.2 km3, and 16.2 km3 subdivided into three successive subevents. Below, we detail the results of the first three
scenarios and indicate systematically the values of the sea surface elevation obtained with both the hydrostatic and non-hydrostatic models as
follows: value with hydrostatic model/value with non-hydrostatic model.
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Figure 13. (a) Comparison of the sea surface elevation at three gauges calculated with the hydrostatic and non-hydrostatic versions of the HySEA model, for
the case of a 1.8 km3 collapse. The gauges location are shown in Fig. 8(a).

First, the time-series of the sea surface elevation at three locations (see positions in Fig. 8a) of sea surface elevations generated by the
1.8 km3 volume occurring as a single event are shown in Fig. 13. Gauge 1 (blue), in front of the flank-collapse structure, show a maximum
amplitude of 104.2 m/70.4 m for the first generated wave (Fig. 13) whereas the second (red) and third (green) gauges show a first wave of 39
m/22.6 m and 18 m/7.7 m, respectively. A second wave with an amplitude of 30 m/35.9 m is estimated at the red gauge. Using the hydrostatic
model, the first wave is 32 per cent higher at gauge 1, 42 per cent higher at gauge 2 and 57 per cent higher at gauge 3, than when using
the non-hydrostatic model. Using the hydrostatic and the non-hydrostatic versions of HySEA gives similar results for the avalanche part as
observed in the laboratory-scale study (Section 4).

Then, waves generated by three successive flank collapses of 0.6 km3 were simulated numerically. The first subevent generated a wave
of 55 m/28.9 m on the first gauge (blue), 14.5 m/7.4 m on the second gauge (red) and 4.6 m/3 m on the third gauge (green) (Fig. A15a). The
second subevent resulted in larger waves (Fig. A15a). For the last 0.6 km3 subevent, the three gauges suggest waves of amplitude similar to
that of the second subevent (Fig. A15a). The increasing amplitude of the waves generated by the successive events is related to their increasing
velocity as the successive events start to flow higher on the slope. Note that, for the case of an erodible substratum, the wave generated by the
last subevent generates a stronger wave than on a rigid substratum. The wave also displays a slightly different waveform as for instance on
gauge 2 in Fig. A16.

Fig. A15(b) shows the maximum water elevation at the three gauges for the 50 × 106 m3 collapse. The gauge (blue gauge) located in
front of the flank-collapse (3 km from the coast) recorded a maximum amplitude of 8 m/4.3 m for the first generated wave at 105 s (Fig.
A15b). The amplitude of the first wave significantly decreases during its propagation to reach only 1 m/0.27 m and 50 cm/20 cm at the second
(red) (located close to Bellefontaine) and third gauge (green) (located 20 km from the coast), respectively (Fig. A15b).

The maximum amplitude and wavelength of the generated waves for all the scenarios as a function of the volume of the event are
represented in Fig. 14 for volumes varying from 50 × 106 m3 to 16.2 km3 for hydrostatic and non-hydrostatic cases. We observed that, for
the case of flank collapses on La Montagne Pelée volcano, the wave amplitude increases logarithmically as a function of increasing volume
whereas the wavelength increases as a function of volume according to a power law.

Typically, the calculated wavelengths λ vary from 1 km to more than 30 km. If we apply the validity criteria of the HySEA hydrostatic
model (kH < 0.314) and of the HySEA non-hydrostatic one-layer model (kH < 2.5), we observe (Fig. A17) that for the shortest waves (λ = 1
km), the hydrostatic assumption is valid only within a narrow band close to coastline (H < 55 m) and the non-hydrostatic assumption is valid
for waves propagating at depths less than 400 m. As the water depth in this case is always less than 3 km, the HySEA non-hydrostatic model
is always valid for the generation/propagation of waves with wavelengths λ > 7.5 km in the calculation domain. As the avalanche deposits
are located at depths less than 2.7 km, the non-hydrostatic model is always valid for the generation/propagation of waves with wavelengths λ

> 6.8 km. For intermediate (15 km) and long wavelengths (30 km), the hydrostatic assumption is valid for wave propagation at depths below
850 and 1700 m, respectively.

5.3 Potential collapse scenarios related to ongoing volcano-tectonic activity

Taking into account the ongoing unrest at Montagne Pelée volcano since 2019, we considered two potential instability and collapse scenarios:
the collapse of the 1929 dome with a volume of 57 × 106 m3 called the ‘1929 Dome scenario’ and the collapse of part of the steep talus
pile of the 1929 dome with a volume of 10 × 106 m3 called the ‘Dome slope scenario’. Numerical simulations were performed for both
scenarios using the previously calculated friction angles (Section 4.2.1). From these simulations, we estimate maximum run-out distances
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Figure 14. Maximum amplitude and wavelength of the generated waves as a function of the volume of the collapse scenarios simulated for sensitivity tests at
Montagne Pelée volcano.

(a) (b)

Figure 15. Final deposits calculated with HySEA for the (a) 1929 Dome collapse scenario and (b) Dome slope scenario. Older flank-collapse structures are in
grey with the rims of the different structures numbered from 1 to 5.

for the deposits as displayed in Figs 15(a) and (b) for simulations with δ1 = 3.7◦, δ2 = 13.7◦, δ3 = 5.7◦ and δ1 = 4.7◦, δ2 = 14.7◦, δ3 = 6.7◦,
respectively. In both cases (Figs 15a and b), the main part of the modelled debris avalanche flows southwest towards St Pierre. The main part
of the flow is channeled between two older morphological structures that already channeled the block and ash flow deposits of the 1902–1905
and 1929–1932 eruptions, filling the Rivière Blanche valley (Le Friant et al. 2003a). A discontinuity (4 in Fig. 15) is formed by a cliff facing
northwest on the left bank of Rivière Sèche. The rim (2 in Fig. 15a) of the structure is a continuous cliff, facing southeast on the right bank
of Rivière Claire. For the 57 × 106 m3 event, part of the debris avalanche flows to the northwest, north of rim 3. The avalanche from the
1929 Dome scenario reaches 14 km (and thus 8 km from the coastline). In contrast, the avalanche from the Dome slope scenario reaches only
5.3 km from the volcano’s summit, without reaching the coastline. The maximum thickness of the deposits is 30 m (1929 Dome scenario)
and 27.9 m (Dome slope scenario) in valleys when channeled. The area covered by the deposits ranges from 33.9 km2 for the 1929 Dome
scenario and 4 km2 for the Dome slope scenario. These preliminary simulations show that in both cases, an instability related to the ongoing
seismic-volcanic crisis could have consequences for the population. The friction angles we used here empirically account for the presence of
water as discussed in Section 5.2.1. The recent observation of damaged vegetation on the flank of the volcano suggests that the hydrothermal
system is active. As on other volcanoes, both phreatic and magmatic historical eruptions at Montagne Pelée trigger the ascent and outflow of
aquifer water and pressurized hydrothermal fluids in the host rock thereby increasing fluid saturation in the potentially unstable areas as well
as reducing friction along low-strength listric and basal layers. In addition to the flow path of debris avalanches, the large simulated volumes
of material deposited high upstream in the valleys will act as sediment sources for the genesis of intense debris flows (lahars) during torrential
rainfall, often for an extended period of time following the initial collapse event (e.g. Peruzzetto et al. 2022). They will also act as sediment
barriers allowing the formation of perched water ponds that could generate, upon dam rupture, highly damaging and mobile water waves that
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(a) (b)

(c)

Figure 16. (a) Maximum sea surface elevation generated by the 1929 Dome scenario (V = 57 × 106 m3) with the hydrostatic and non-hydrostatic HySEA
code and (b) evolution of the sea surface elevation at each gauge.

will propagate downstream until reaching the coastline. Depending on their characteristics, volume and flux, both the debris flows and the
water surges can be potentially tsunamigenic. The resulting and potentially large submarine sediment accumulation fans can also be subject
to instability and generate submarine landslide events.

Only the debris avalanche generated by the 1929 Dome scenario reaches the sea. Fig. A18 presents the evolution of the sea surface
elevation using hydrostatic/non-hydrostatic versions of HySEA. The wave is generated about 100 s after the beginning of the collapse. At
150 and 200 s the waves continue to propagate from the area where the debris avalanche entered the sea. At 150 s the first wave reaches
Saint-Pierre and then Le Carbet at 200 s. At 450 s, the wave is mostly dispersed and reaches Fort-de-France. Figs 16(a) and (b) show the
maximum sea surface elevation for both the hydrostatic and non-hydrostatic assumption. The maximum value is recorded where the debris
avalanche took place and can reach locally 18 m/8.9 m. The gauge (blue gauge) located in front of the flank-collapse structure (2 km from
the coast) indicates a maximum amplitude of 12.2 m/3.5 m for the first generated wave at 92 s (Fig. 16b). The amplitude of the first wave
significantly decreases during its propagation to reach only 1 m/0.29 m and 30 cm/22 cm at the second (red) (located close to Bellefontaine)
and third gauge (green) (located 20 km from the coast), respectively (Figs 16c and b).

We have to keep in mind that in this study, we consider only the sea surface elevation due to the tsunami. For the future, a one-way
nested grid approach should be used to obtain a realistic simulation of the flooding (10 m resolution) in terms of the extension, water depth
(sea surface elevation—bottom elevation) and currents to better assess the impact on land for the population and infrastructures. Given the
ongoing seismo-volcanic unrest, additional numerical simulations should be performed and the range of flooding height (inundation depth)
on land should be calculated.

6 C O N C LU S I O N

In this study, we have quantified the error of the HySEA shallow-water model in simulations of dry, immersed and dry entering water granular
flows and associated tsunami. This was done by comparing HySEA results to laboratory experiments and to the SHALTOP shallow-water
model that better describes topography effects. In particular, we show that topography and non-hydrostatic effects can be crucial. By artificially
increasing the friction coefficients in HySEA in non-hydrostatic simulations, it is possible to take topography effects into account empirically.
In this way, we were able to satisfactorily reproduce deposits from laboratory experiments as well as waves at a distance of more than two
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to three times the characteristic dimension of the slide. The error in water waves ranges from 1 to 25 per cent depending on the scenario.
Application to the geological case helped us better understand how past flank collapses of Montagne Pelée generated the deposits observed
at sea. Although the complex dynamics of the flow are not well captured, the simulated final deposit for the 1.8 km3 event was in good
agreement with field measurements. As expected, even though a lot of parameters affect the dynamics of the flow, the ability to accurately take
into account the effect of a varying topography in the simulation is a key point to obtain deposits that are consistent with the observed data.
This explains why SHALTOP was able to better reproduce the observed deposit. As expected, and confirmed by the numerical simulations,
the volume of the event and the presence of an erodible substratum drastically affect the run-out distance and the shape of the deposits. Our
analysis, based on a comparison of the deposits measured at sea and the deposits obtained from numerical simulations, shows that large
a flank collapse of Montagne Pelée probably occurred as several smaller sub-events, drastically reducing the tsunami hazard around the
volcano. Comparison between the hydrostatic and non-hydrostatic HySEA models shows that taking non-hydrostatic effects into account
is essential at the laboratory-scale, completely changing the water waves, that is in line with a broad set of previous findings in landslide
tsunami science. For the field applications chosen here, non-hydrostatic effects still change the amplitude of the first wave significantly as
well as, to a lesser extent, the following wave trains. But, our results have revealed the limits of the models, in particular for short wavelengths
waves (λ < 1 km) for which the hydrostatic assumption is only valid within a narrow band close to the coastline (depth < 50 m) and the
non-hydrostatic assumption only valid where ocean depth is less than 400 m. Sensitivity tests performed on Montagne Pelée provided a
range of run-out distances and maximum sea surface elevations for various volumes from a small collapse volume of 10 × 106 m3 to the
largest collapse volumes of 16.2 km3. In terms of hazard assessment, our preliminary work is particularly important in the context of the
ongoing seismic volcanic unrest at La Montagne Pelée since 2019 (OVSM-IPGP 2019-2021) that could favour gravitational instabilities.
Future work should focus on a more realistic simulation of the flooding, that is, the propagation of the tsunami inland, which was not done
here.

As a result, even though actual models are able to provide the order of magnitude of the generated waves, lots of issues should be
investigated and quantified to better describe the dynamics of landslide-generated tsunamis. While this study points towards model limitations
related to topography effects in depth-averaged models, granular dilatation/compression, complex processes during granular impact with the
water, description of in-depth variations and validity domain of the models, there are lots of other possible improvements linked for example
to better description of grain–water interaction or hydrodynamic resistance.
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