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Contribution of numerical modeling to hazard assessment related to gravitational instabilities and generated tsunamis : Application to volcanic context (Martinique, Mayotte)
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Natural hazards have always been a concern for society. Earthquakes, volcanoes, landslides and tsunamis are potential hazards for the populations and infrastructures with great economic and social impacts; this explains why the study of these events has always been a key issue to better assess the risks and thus propose efficient risk reduction strategies. Disasters, like the Sumatra tsunamis in 2004 and Tohoku tsunamis in 2011 or even the very recent Tonga tsunami, are reminders that such phenomena still need to be studied to reinforce these strategies by innovative predictive models.

Tsunamis are long period waves that are generated by a sudden deformation of the water surface and then propagate in the ocean. They are widely known to be triggered by earthquakes but other processes can also be the cause of their generation such as landslides, atmospheric perturbation or even asteroid fall. Landslides have often been considered as less prone to generate catastrophic tsunamis. However, after the Papua New Guinea tsunami in 1998, there has been an increase of interest in landslide-tsunami hazards. On 17 July 1998 shortly after a Mw 7.0 earthquake a tsunami struck Papua New Guinea and resulted in the loss of 2200 lives. Studies of this event suggested that the earthquake was not the only source of the tsunamis waves and that a landslide was also involved in the generation of this catastrophic event. The recent example of the tsunamis that occurred in Indonesia in 2018 also supports this idea. On the evening of December 22, 2018, a collapse of a part of the Anak Krakatau volcano triggered a tsunami that hit the coast of the Sunda Strait, killing more than 400 people. In most of the cases, the subaerial landslide (at equivalent volume and a similar slope angle) will be more tsunamigenic than the submarine ones. However, submarine landslides do not have to be disregarded as proven by the Storegga slide, largely commented in the literature, for which numerous tsunami evidences have been found along the Norwegian coast.

Volcanic context is particularly propitious to the development of landslides, because of several triggering factors related to volcanic and tectonic earthquakes, deformation of the edifice or eruptions (as occurred on 15 January 2022 in Tonga, https://earthquake.usgs.gov/earthquakes/eventpage/pt22015050/executive,). Volcanic edifices are known to be recurrently subject to flank collapses that are part of their evolution (Siebert, 1984; McGuire, 1996). These events generally produce typical horse-shoe shaped structures where the mass has ruptured and generate debris avalanches flowing down the volcano flanks. Volcano flank collapses have been widely described in the literature (

Apport de la modélisation numérique à l'étude des aléas liés aux instabilités gravitaires et aux tsunamis associés : Application en contexte volcanique (Martinique et Mayotte) par Pablo Poulain

• Résumé

Les tsunamis générés par des glissements de terrain sont des risques naturels dont les impacts peuvent être très importants pour les populations et les infrastructures. Les simulations numériques sont un outil unique pour comprendre la dynamique des écoulements granulaires à l'échelle du laboratoire et du terrain ainsi que les vagues qu'ils peuvent générer.

De nombreux modèles numériques ont été développés pour simuler ces événements. L'objectif principal de cette thèse est (i) d'évaluer les performances et les limites du code HySEA, un modèle numérique "shallow-water", qui permet de simuler les vagues générées par des glissements de terrain et (ii) d'appliquer ce modèle à deux cas réels de glissements se produisant en contexte volcanique.

Nous étudions tout d'abord les différentes sources d'erreurs possibles liées à l'utilisation du code Hysea, en comparant quantitativement les résultats des simulations numériques avec (i) six nouvelles expériences de laboratoire reproduisant des écoulements granulaires dans différentes conditions (sec, immergé, écoulement sec entrant dans l'eau) et angles de pente, et (ii) les résultats des mêmes simulations numériques réalisées avec le code SHALTOP qui décrit mieux les effets de la topographie que la plupart des modèles de glissement de terrain. Pour les expériences analogiques réalisées dans des conditions à la limite de l'approximation « shallow-water », nous montrons que la topographie et les effets non hydrostatiques sont cruciaux. Cependant, si nous tenons compte empiriquement des effets de topographie en augmentant artificiellement le coefficient de frottement et en effectuant des simulations non hydrostatiques, le modèle HySEA est capable de reproduire le dépôt granulaire et les vagues enregistrées, avec une erreur allant de 1 % à 25 % selon le scénario, sans autre calibrage. En tenant compte de cette estimation d'erreur, et dans le cadre de la réactivation en cours à la Montagne Pelée (Petites Antilles), nous avons simulé 2 glissements potentiels qui pourraient se produire sur le flanc du volcan et calculé les dépôts d'avalanche de débris et les vagues associées.

Enfin, pour appréhender les risques associés aux glissements de terrain et aux aléas tsunamis liés à l'activité sismo-volcanique en cours au large de l'île de Mayotte, nous avons combiné 2 codes numériques : le code HySEA pour simuler l'écoulement de l'avalanche de débris associée aux glissements potentiels et le code Boussinesq FUNWAVE-TVD pour simuler la propagation des ondes loin de la source et les inondations associées. Le scénario qui représente la plus grande menace implique une déstabilisation se produisant à faible profondeur à l'Est de Mayotte qui pourrait générer une élévation de la surface de la mer allant jusqu'à 2m. Le temps de parcours du tsunami vers la côte est très court (quelques minutes) et le tsunami n'est pas nécessairement précédé d'un retrait de la mer. Ce travail a été réalisé dans le cadre du REVOSIMA (Réseau de Surveillance Volcanologique et Sismologique de Mayotte) et en étroite collaboration avec la DIRMOM (Délégation Interministérielle aux Risques Majeurs Outre-Mer) et les autorités locales.

• Mots clés 

• Abstract

Landslide generated tsunamis are natural hazards with important impacts for the populations and infrastructures. Numerical simulations provide a unique tool to capture the dynamics of the granular flows at laboratory and field scale and the generated waves associated to the landslide. Many numerical models have been developed to perform simulations of such events.

The main objective of this PhD thesis is (i) to assess the performance and limits of HySEA, a shallow water numerical model, for landslide generated tsunamis and (ii) apply this model to real two cases in volcanic context. We first investigate the different sources of errors linked to the use of this model by quantitatively comparing the numerical simulations with (i) six new laboratory experiments of granular collapses in different conditions (dry, immersed, dry flow entering water) and slope angles, and (ii) the results of the same numerical simulations made with the SHALTOP code that describes topography effects better than most landslide-tsunami models. For laboratory configurations, at the limit of the shallow-approximation in such models, we show that topography and non-hydrostatic effects are crucial. However, by empirically accounting for topography effects by artificially increasing the friction coefficient and performing non-hydrostatic simulations, the HySEA model is able to reproduce the granular mass deposit and the waves recorded at gauges located at a distance of more than 2-3 times the characteristic dimension of the slide, with an error ranging from 1 % to 25 % depending on the scenario, without any further calibration.

Taking into account this error estimation, In the context of the on-going seismic volcanic unrest at Montagne Pelée volcano (Lesser Antilles), we calculate the debris avalanche and associated waves for two potential flank-collapse scenarios. Finally, to address landslides and tsunamis hazards related to the seismo-volcanic activity that occurred offshore Mayotte, we combined 2 numerical models: the HySEA code to simulate the flow of the debris avalanche associated with potential landslides and the Boussinesq FUNWAVE-TVD code to simulate the propagation of waves far from the source and the associated flooding. The scenario that represents the greatest threat involve destabilizations on the eastern side of Mayotte's lagoon at shallow depth and can generate a sea surface elevation up to 2m. The tsunami travel time to the coast is very short (few minutes) and the tsunami is not necessarily preceded by a sea withdrawal. This work was carried out within the framework of the REVOSIMA (Réseau de Surveillance Volcanologique et Sismologique de Mayotte) and in close collaboration with the DIRMOM (Délégation Interministérielle aux Risques Majeurs Outre-Mer) and the local authorities.

• keywords Aknowledgements numerical simulations provide a unique tool to capture the dynamics of these granular flows and of the generated waves (see Yavari-Ramshe et al., 2016 for a review). This is the base of the scientific positioning of our work.

Modeling landslide generated tsunamis can be considered according to two approaches, depending on whether the landslide and the tsunamis are calculated in the same numerical model or the landslide is simulated apart and then used as an input of the tsunamis propagation model. Landslides often have a fluid like flow behavior with an appropriate rheology; therefore, to take into account the landslide deformability, the simulations of the run out are mostly performed by solving either the full Navier-Stokes equations or depthintegrated approximations. On the other hand, the tsunami waves propagation are mostly simulated by solving the shallow-water or Boussinesq equations. These equations describe a depth integrated approximation (where the landslide thickness and water layer depth are assumed to be small in comparison to the landslide downslope extension and the water wavelength respectively). Both Navier-Stokes and shallow water-based models come with their advantages and limits. Navier-Stokes based models are considered as more accurate but this gain in accuracy implies heavier computational costs. Shallow water models represent a major part of the existing models as their computational cost is lower and therefore better adapted to hazard assessment for which response time is important (e.g. Gittings., 1992 ;Mangeney et al., 2000 ;Heinrich et al., 2001a ;Heinrich et al., 2001b ;Abadie et al., 2010 ;Kelfoun , 2011 ;Kelfoun and Vargas, 2015 ;Paris et al., 2019a,b). The shallow-water assumption is generally associated with depth-averaged equations on the flow thickness and average velocity. In addition to the limitations inherent to the shallow assumption, there is a number of mathematical, mechanical and numerical challenges that, when not appropriately addressed, may induce significant errors on (i) the granular avalanche, (ii), the wave generation, and (iii) the wave propagation simulation. The first challenge concerns the accurate derivation of shallow depth-averaged equations for granular flows on a general 2D topography z(x,y). The second challenge is to describe grain-fluid interaction in landslides, and in particular dilatancy and associated pore fluid pressure effects, particularly difficult to constrain in field-application. A third challenge, poorly addressed in the literature, is the choice of the coordinate system. Indeed, to accurately derive shallow approximation, it is necessary to measure the thickness in the direction roughly normal to the surface of the considered thin flow. Thus, the shallow approximation for the tsunami part should be imposed in a Cartesian horizontal/vertical frame, while it has to be imposed in a coordinate system adapted to the topography variations for the landslide part.

Hence, there is nowadays no model for landslide generated tsunamis that accurately deals with all aspects at reasonable computational cost, and no precise idea of the errors made when neglecting some of them. Indeed, despite strong differences between models, most of the studies presented in the literature conclude that they can reproduce laboratory experiments or field data. Even though this is not always explicit, these results are often obtained by tuning some of the input parameters so that the model explains observations (e. g. Si et al., 2018). Simulation results can then be used to derive physically-based hazard maps (Løvholt et al., 2020), useful for evacuation plans (Mas et al. 2012), land-use planning (Garcin et al. 2008, Terrier et al. 2013) or submarine infrastructures design (Cheung et al. 2011). The rigorous derivation and interpretation of such maps is however complex, because practitioners are faced with significant uncertainties regarding (i) the geometry of the landslide, (ii) the rheological laws and parameters to be used in the simulations, and (iii) the inevitable approximations made in the physically-based model. Therefore, we believe that a key point for future model improvements is to show, quantify and analyze their uncertainties.

The main objective of this work is to show, analyze and quantify the error associated with the numerical code HySEA and then apply this code in two volcanic contexts where seismovolcanic activity was quite intense the last three years to answer the following questions: how can we estimate and quantify the errors made when using one landslide generated tsunamis model? How to reduce the number of parameters used in landslide generated tsunami numerical code? Can those codes be used in a crisis management context? Can those numerical codes give some first results regarding tsunamis hazards in both contexts of Martinique and Mayotte?

To answer those questions, the manuscript is divided in five parts:

-Part I is dedicated to present the general context of this work. First, we briefly discuss landslides generated tsunamis and present their main characteristics. Then we present the geodynamical contexts of the two volcanic islands (Martinique, Mayotte) where we applied numerical landslide generated tsunamis models. -Part II introduces the state of the art of the landslides and tsunamis numerical models to briefly describe the three different models selected in this work: HySEA, SHALTOP and FUNWAVE-TVD. -Part III is an article submitted to Geophysical Journal International. The aim of the article is to get insight into the performance and limits of the shallow water model HySEA for landslide generated tsunamis by comparing the results with SHALTOP model and with experiments. Taking into account those limits, we apply HySEA model to Montagne Pelée volcano (Lesser Antilles) where several flank-collapses occured in the past. In the context of the seismo-volcanic reactivation, we performed preliminary numerical simulation of potential landslide generated tsunamis. -Part IV is an article submitted to Comptes Rendus Geosciences (Mayotte Special Issue)

where we focus on the tsunami hazard assessment offshore Mayotte in the context of the on-going seismo volcanic crisis. We propose a framework for coupling two numerical models,HySEA (to describe the submarine debris avalanche and initiate the wave) and FUNWAVE-TVD (to propagate the wave) to investigate the impact of the tsunamis generated by submarine landslides and we present preliminary hazards maps associated with different scenarios. It has to be mentioned that this work has been done within the REVOSIMA (Réseau de Surveillance volcanologique et Sismologique de Mayotte) and in close relation with authorities (DIRMOM, Délégation Interministérielle aux Risques Majeurs Outre Mer). The two reports sent to DIRMOM and local authorities are provided in Appendix A and B. -Finally, in part V, we summarize the main results of this work. We also present the prospects opened by this work.

Part I -Landslide Generated Tsunamis and Geodynamic Contexts I.1. Introduction Gravitational instabilities are common processes on submarine slopes. Human installations such as telecommunication cables or natural resources exploitation platforms, are structures that can be damaged by submarine slides. The subaerial slides that are beginning for instance on the slope of the volcano are another important risk factor that can lead to major destruction of infrastructure and loss of many lives. All those events can have significant impact for the coastal populations that are particularly exposed to the landslide generated tsunamis. Fundamental research to better understand landslide generated tsunamis are thus necessary to improve their understanding. In this part, we briefly discuss some types of landslides generated tsunamis to present their main characteristics.

I.2. Gravitational instabilities in oceanic and volcanic context

I.2.1 Submarine slope instabilities

Submarine slope instabilities are of numerous types and has been described in many geodynamic contexts from passive to active margin but also in fjords or submarine canyons.

The Storegga Slide is one of the largest slides on the Norwegian passive margin with a volume estimated between 2400 and 3200 km 3 that covers an area of more than 95000 km 2 and took place around 8500 years BP. The slide left a scar of 50000 km 2 and reached up to 410 km (Figure I.2.1.1). The deposits extension is mainly controlled by the geological structures present. The slide scar can be described as a basin-like geometrical structure. This massive structure attest of the massive amplitude of the slide with its length (300 km) and its height (30-50 m and up to 120 m locally).

Active margins are characterized by intense volcanic and seismic activity that are favorable to the development of slope instabilities. For example, the three giant submarine landslides that occurred along the active margin of northern Colombia in the western Caribbean Sea. Those three slides are placed along the distal marine slopes of Columbian Caribbean margin (Figure I.2.1.2). with outline of Storegga Slide. The six major morphological provinces defined within the Storegga Slide area are indicated. In the south, the outline of the North Sea Fan build-out is shown with a dashed line. In the west, the relict topography of the AEgir Ridge system influences the distribution of Storegga Slide deposits (turbidite), whereas the northern boundary of the slide follows the distinct outline of the Vøring Plateau. Locations of pronounced structural elements such as the Faroe-Shetland and the Vøring Escarpments as well as the Jan Mayen Fracture Zone (JMFZ) are shown with dash lines. (Figure and caption from [START_REF] Haflidason | The Storegga Slide: architecture, geometry and slide development[END_REF] The slides are: 1) the Cartagena MTD (mass transport deposits) located at the most southwest position of the geographical area, is estimated to have a volume of 1610 km 3 . 2) The Barranquilla MTD is situated at the Northeast of the previous slide and is estimated to have a volume of 1470 km 3 , 3) and lastly the Santa Marta MTD is overlapping with the Barranquilla MTD but is estimated to have a volume of 5255 km 3 . The slides occurred between Pliocene (5. 3 Ma) and mid-Pleistocene (0.8 Ma) and the timing is constrained by seismic data and offset. The Santa Marta MTD seems to be the youngest of the landslides with the Cartagena and Barranquilla MTDs being older. Santa Marta slide extends to around 150 km from southwest to northeast and is 260km long and 160 km wide and covers an area of 34700 km 2 .

Part I -Landslide Generated Tsunamis and Geodynamic Contexts

The Barranquilla MTD covers a smaller area of 9220 km 2 , overlapping with the Santa Marta MTD but is situated deeper in the sediment pile. This particular slide is 150 km long and 90 km wide. Lastly, the Cartagena MTD covers an area of 6730 km 2 and is estimated to be 60 km wide (Leslie and Stephen, 2016). 

I.2.2. Volcano instabilities

Gravitational instabilities are recurrent on volcanoes. The most known example of volcanic flank collapse is probably the eruption of Mount St Helens, may the 18 th of 1980. This event was the first whose processes was observed and recorded [START_REF] Glicken | Rockslide-debris avalanche of May 18[END_REF][START_REF] Lipman | The 1980 eruptions of Mount St[END_REF][START_REF] Glicken | Rockslide-debris avalanche of May 18[END_REF] The specific studies about this eruption allowed us to better understand the process of the flank collapse. In the case of Mount St Helens, the collapse was driven by the rise of magma that could not ascend to the surface and accumulated in the north flank of the volcano leading to the growth of a cryptodome. The growth of this cryptodome leads to an important deformation of the flank up to 2.5m/day horizontally and 1m/day vertically [START_REF] Moore | Topographic and structural changes, March-July 1980-Photogrammetric data[END_REF][START_REF] Paul | A numerical model for simulating deformation of Mount St. Helens Volcano[END_REF]. This deformation leads to the destabilization of the flank of the volcano giving way to a horseshoe structure (representing the slip scar), and generating a debris avalanche that spreads over the northern flank of the volcano. The debris avalanche deposit has a characteristic hummocky morphology and covered an area of 60 km 2 (Figure I.2.2.2), for a volume of 2.5 km 3 with some thicknesses up to 195 m [START_REF] Glicken | Rockslide-debris avalanche of May 18[END_REF](Voight et al., , 1983;;[START_REF] Glicken | Rockslide-debris avalanche of May 18[END_REF]. The flank collapse of the volcano generated the sudden decompression of the trapped magmatic gasses in the cryptodome and water vapor from the surrounding hydrothermal system, causing a violent lateral directed blast [START_REF] Hoblitt | Origin and stratigraphy of the deposit produced by the May 18 directed blast[END_REF]. This lateral blast formed a diluted and turbulent flow that propagated at speeds up to 300km/h [START_REF] Kieffer | Fluid dynamics of the May 18 blast at Mount St. Helens[END_REF], and totally destroyed an area of 550 km 2 . [START_REF] Major | Decadal-scale change of infiltration characteristics of a tephra-mantled hillslope at Mount St Helens, Washington[END_REF] The Mount St Helens eruption made it possible to apprehend and understand the volcanic flank collapse processes. These processes are characterized by the formation of a horseshoe shaped structure (scar of the sliding mass) and the presence of debris avalanche deposits generally but not systematically with a hummocky morphology. The identification of these two elements has subsequently made it possible to recognize and study these landslides on many other volcanic edifices such as Krakatoa [START_REF] Omira | Evidence-Calibrated Numerical Model of December 22, 2018, Anak Krakatau Flank Collapse and Tsunami[END_REF]Zengaffinen et al., 2020b), the Canary Islands (Coello- [START_REF] Bravo | Multiple related flank collapses on volcanic oceanic islands: Evidence from the debris avalanche deposits in the Orotava Valley water galleries (Tenerife, Canary Islands)[END_REF], Fogo volcano in Cape Verde [START_REF] Marques | Caldera or flank collapse in the Fogo volcano? What age? Consequences for risk assessment in volcanic islands[END_REF][START_REF] Cornu | Exploring the links between volcano flank collapse and the magmatic evolution of an ocean island volcano: Fogo, Cape Verde[END_REF], Pico Island [START_REF] Costa | Catastrophic flank collapses and slumping in Pico Island during the last 130 kyr (Pico-Faial ridge, Azores Triple Junction)[END_REF], Stromboli [START_REF] Romagnoli | Offshore evidence of large-scale lateral collapses on the eastern flank of Stromboli, Italy, due to structurally-controlled, bilateral flank instability[END_REF], Hawaii (McMurtry et al., 2004b) or Kamchatka [START_REF] Shevchenko | Constructive and Destructive Processes During the 2018-2019 Eruption Episode at Shiveluch Volcano, Kamchatka, Studied From Satellite and Aerial Data[END_REF]. For example, in august 2019 the eastern flank of the Shiveluch Volcano, Kamchatka, collapsed after an explosive eruption. The volume of the collapse was estimated to 110.10 6 m 3 from analysis of TSX Amplitude Images (Figure I.2.2.3). The studies carried out since the recognition of these events have shown that whatever their geodynamic context, volcanoes, when they have reached a certain size, experience flank collapses as a recurrent process (Siebert et al., 1984;McGuire, 1996). The table I.2.2. presents a non-exhaustive list of flank-collapse events occurring on volcanoes with their associated volumes from 1.6 10 6 to 2500.10 6 m 3 . The volcanic debris avalanche can propagate over a long distance up to tens of kilometers and involve a volume of several hundreds of km 3 .

When occurring in marine context, the debris avalanche associated with the volcano flankcollapse can spread at sea. In this case, only marine geophysical data or drilling allow the access to debris avalanche deposits and connect them to the on-land structures in order to establish their relationship. Whether it be in the intraplate domain (i.e. hot spots) [START_REF] Moore | La Réunion[END_REF](Moore et al., , 1994;;Labazuy, 1996;[START_REF] Carracedo | Growth, structure, instability and collapse of Canarian volcanoes and comparisons with Hawaiian volcanoes[END_REF][START_REF] Watts Et Masson ; Urgeles | [END_REF][START_REF] Masson | Slope failures on the flanks of the western Canary Islands[END_REF][START_REF] Oehler | Recurrence of major flank landslides during the last 2-Ma-history of Reunion Island[END_REF]Oehler et al., , 2007) ) or in a subduction domain [START_REF] Johnson | Ridge subduction and forearc volcanism: petrology and geochemistry of rocks dredged from the western Solomon arc and Woodlark basin[END_REF][START_REF] Siebert | The 1883 and late-prehistoric eruptions of Augustine volcano, Alaska[END_REF]Deplus et al., 2001;Le Friant et al., 2003a;[START_REF] Ward | Ritter Island Volcano -lateral collapse and the tsunami of 1888[END_REF]Boudon et al., 2007;[START_REF] Satake | Volcanic origin of the 1741 Oshima-Oshima tsunami in the Japan Sea[END_REF]Zengaffinen et al., 2020b;[START_REF] Shevchenko | Constructive and Destructive Processes During the 2018-2019 Eruption Episode at Shiveluch Volcano, Kamchatka, Studied From Satellite and Aerial Data[END_REF] volcanoes are largely affected by flank-collapse processes. The important run out distance of the submarine volcanic debris avalanche has been subject of debates (Deplus et al., 2001;[START_REF] Dufresne | Substrate deformation associated with the Jocotitlan edifice collapse and debris avalanche deposit, Central Mexico[END_REF]Watt et al.,2012a[START_REF] Watt | Widespread and progressive seafloor-sediment failure following volcanic debris avalanche emplacement: Landslide dynamics and timing offshore Montserrat, Lesser Antilles[END_REF][START_REF] Brunet | Composition, geometry, and emplacement dynamics of a large volcanic island landslide offshore Martinique: From volcano flank-collapse to seafloor sediment failure?[END_REF]Le Friant et al., 2015, 2019).

I.3. Landslide generated tsunamis

Tsunamis are gravity driven water waves that are generated at the interface between air and water and result from a vertical perturbation of the water column. Tsunamis can be divided in three phases: (a) the initial wave generation from the seabed movement, (b) the surface wave propagation through the ocean and (c) on-land incursion or runup when the tsunami reach the coasts and flow across the land [START_REF] Tappin | Submarine Landslides and Their Tsunami Hazard[END_REF]. The submarine's landslide generated tsunamis are produced in a similar way as the earthquake generated ones where the displacement of the landslide occasioned a modification of the seabed leading to a vertical displacement of the water column. However, there are several differences between the two processes. First is that landslides are much slower processes than earthquakes. Also, the extension of the change in the seabed morphology is much smaller in the case of landslides than in the case of earthquakes, reducing their tsunamigenic potential. The strong directivity of the landslide also has an impact on the orientation of the landslide tsunami. [START_REF] Tappin | Submarine Landslides and Their Tsunami Hazard[END_REF].

I.3.1. Submarine landslide generated tsunamis

Before the Papua New Guinea event in 1998, tsunamis generated from submarine landslides were considered as less hazardous with limited fatalities compared to the ones occasioned by earthquakes. Those assumptions were based on theoretical considerations as landslide were considered less efficient in generating high-elevation tsunamis (e.g., [START_REF] Leblond | Underwater landslides ineffective at tsunami generation[END_REF], even if a number of well described landslide-tsunamis were present in the literature such as Grand Banks (Piper et al., 1988;Fine et al., 2005;[START_REF] Schulten | Surficial sediment failures due to the 1929 Grand Banks Earthquake, St Pierre Slope[END_REF]Zengaffinen et al., 2020), Flores Islands [START_REF] Imamura | Numerical model for tsunami generation subaqueous landslide along a coast[END_REF] and Storegga [START_REF] Bondevik | Record-breaking height for 8000-year-old tsunami in the North Atlantic[END_REF][START_REF] Bondevik | The Storegga Slide tsunami-comparing field observations with numerical simulations[END_REF][START_REF] Solheim | Ormen Lange-an integrated study for the safe development of a deep-water gas field within the Storegga Slide Complex,NE Atlantic continental margin; executive summary[END_REF][START_REF] Hill | How does multiscale modelling and inclusion of realistic palaeobathymetry affect numerical simulation of the Storegga Slide tsunami?[END_REF][START_REF] Bondevik | Tsunami from the storegga landslide[END_REF]Kim et al., 2019). Part of those events was known to be mainly triggered by the associated earthquake [START_REF] Murty | Seismic sea waves-tsunamis[END_REF][START_REF] Yeh | Propagation and amplification of tsunami at coastal boundaries[END_REF][START_REF] Johnson | Estimation of seismic moment and slip distribution of the April 1, 1946 Aleutian tsunami earthquake[END_REF].

The Papua New Guinea tsunami occurred on July 17, 1998 in the evening [START_REF] Kawata | Tsunami in Papua New Guinea was as intense as first thought[END_REF] and flooded a geographically focused area of 30km of the coast. However, the recorded waves reached up to 15 m height and could not be explained by the Mw 7.1 earthquake as it was too small and not a tsunamis earthquake according to the definition of [START_REF] Newman | Teleseismic estimates of radiated seismic energy: the E/M0 discriminant for tsunami earthquakes[END_REF].

The study of the aftershock also added to the theory that the earthquake was not the trigger for the tsunami as the earthquake was shallow, not steeply dipping thrust, and therefore, unlikely to be the tsunami mechanism [START_REF] Hurukawa | The 1998 Papua New Guinea earthquake and its fault plane estimated from relocated aftershocks[END_REF]. Three tsunamis' waves struck the coast, with the first one causing a withdrawal of the sea which was interpreted as a leading depression wave [START_REF] Kawata | Tsunami in Papua New Guinea was as intense as first thought[END_REF]. The succeeding waves were closely spaced, arriving minutes after the first one and with amplitude much smaller than the first one which indicated a highly dispersive wave train generated by a submarine landslide. Two marine surveys were carried away to determine the exact tsunami mechanism. The survey results indicated that a recent slump was likely to be the tsunami mechanism [START_REF] Tappin | Sediment slump likely caused 1998 Papua New Guinea Tsunami, EOS[END_REF] (Figure I.3.1). The headwall of the slump coincides with a control fault. This fault channeled artesian water pumped up from depth to the slump failure surface, triggering the slump itself around 12 min after the main shock. Vertical exaggeration 3×. (From Tappin et al., 2008) However, some doubt was expressed as previously recognized landslide tsunamis were not as devastating. The Papuan New Guinea tsunami allowed an increase of interest concerning the landslide tsunami hazard. For instance, new studies were performed on the origin of the elevated deposits found on Hawaiian Islands and possibly related to tsunamis deposits associated with the Alika 2 gravitational landslide event (Moore & Moore., 1988). Numerical simulation suggests local run up of hundreds of meters coherent with a tsunami hypothesis (McMurty et al., 2004). In the case of the Grand Banks tsunami of 1929, the tsunami was caused by an earthquake-triggered landslide [START_REF] Heezen | Turbidity currents and submarine slumps, and the 1929 Grand Banks earthquake[END_REF]Fine et al., 2005). Recently, numerical modeling shows that the shallow water slumps generated the elevated tsunami runups observed locally and that the transitional landslides generated the longerperiod waves observed in the far field [START_REF] Løvholt | Modelling the 1929 Grand Banks slump and landslide tsunami[END_REF]. More recently, on march 11 th 2011, in Japan, the earthquake could not explain the high waves (40m) that struck the coast and the focused tsunami runups (e.g. [START_REF] Fujii | Tsunami source of the 2011 off the Pacific coast of Tohoku Earthquake[END_REF][START_REF] Macinnes | Comparison of earthquake source models for the 2011 Tohoku event using tsunami simulations and near-field observations[END_REF] and so a dual mechanism from earthquake and landslide was proposed [START_REF] Lay | A review of the rupture characteristics of the 2011 Tohoku-oki Mw 9.1 earthquake[END_REF][START_REF] Yamazaki | A self-consistent fault slip model for the 2011 Tohoku earthquake and tsunami[END_REF].

I.3.2. Subaerial landslide generated tsunamis

Subaerial landslides generated tsunamis can occur in different contexts including volcanic contexts. The event of 1756 in Tjele, Norway, is the subaerial landslide with the largest Volume in the last 300 years [START_REF] Jørstad | Waves generated by landslides in Norwegian fjords and lakes[END_REF]. The disaster of the 1963 Vajont dam in Italy is also very noticeable with a slide volume of 260 10 6 m 3 that collapsed and generated a wave that overstepped the dam and caused a loss of around 2000 lives [START_REF] Ward | The 1963 landslide and flood at Vaiont reservoir Italy. A tsunami ball simulation[END_REF]. This makes it one of the deadliest known events in recent history. Those subaerial collapse are also widely common in fjords. A number of cases are described in the literature for the northern region like in Alaska, US (1958Lituya Bay (Miller, 1960;[START_REF] Mader | Modeling the 1958 Lituya Bay mega-tsunami, II[END_REF]), or the Vanney collapse in Saguenay Fjord following the earthquake of 1663 [START_REF] Locat | Physicochemical and geotechnical characteristics of recent Saguenay Fjord sediments[END_REF]. The 1958 Lituya Bay, Alaska, US, landslide tsunami produced runups up to 520m [START_REF] Miller | Giant waves in Lituya Bay, Alaska[END_REF][START_REF] Mader | Modeling the 1958 Lituya Bay mega-tsunami, II[END_REF]. This particular event is the result of a collapse of 30 10 6 m 3 triggered by a M=7.5 earthquake.

As previously stated, volcanoes are largely subject to flank instabilities and can lead to the generation of tsunamis. In 2020, volcano flank failures are estimated to represent only a low frequency of the tsunamis source (only 1% of tsunamis observed during the last four centuries were triggered by volcano flank failures). However, those type of events represent a potentially high magnitude hazard at the local scale [START_REF] Keating | Island edifice failures and associated tsunami hazards[END_REF]. However, new tsunamis associated with volcanoes have been observed during the last twenty years. One of the most recent damaging tsunamis associated with volcano instability occurred in 2018 in Indonesia. On the evening of December 22, 2018, a collapse of a part of the Anak Krakatau volcano triggered a tsunami that hit the coast of the Sunda Strait. The flank collapse was of a volume of 93.8 million m 3 and composed of subaerial volcanic rocks from the western side of the volcano (Gouhier and Paris, 2019) (Figure I.3.2.1). However, this volume is only a minimum value as the submarine extent of the collapse is unknown. The collapse of the southwest flank of the volcano occurred after six months of volcanic activity [START_REF] Priyanto | Bathymetry and Shallow Seismic Imaging of the 2018 Flank Collapse of Anak Krakatau[END_REF]. This volcanic activity led to the triggering of the critical instability. The collapse of the Anak Krakatau in Indonesia [START_REF] Grilli | Modelling of the tsunami from the December 22, 2018 lateral collapse of Anak Krakatau volcano in the Sunda Straits, Indonesia[END_REF]Heidarzadeh et al., 2020;[START_REF] Paris | The December 22, 2018 Anak Krakatau, Indonesia, landslide and tsunami: preliminary modeling results[END_REF] generated a wave of 80-100m.

In Europe, the Stromboli is one of the most tsunamigenic volcanoes and triggered 5 tsunamis during the twentieth century from 1916 to 1954 [START_REF] Maramai | Near-and far-field survey report of the 30 December 2002 Stromboli (Southern Italy) tsunami[END_REF]. In 2002, on the 30 th of December, the Stromboli volcanic island was struck by two tsunamis. Those tsunamis were the results of landslides that took place on the north-west flank of the volcano [START_REF] Tinti | The 30 December 2002 landslide-induced tsunamis in Stromboli: Sequence of the events reconstructed from the eyewitness accounts[END_REF]. In the Lesser Antilles during the July 2003 eruption of Soufrière Hills in Montserrat, tsunamis waves were generated by the collapse of the lava dome and recorded in Montserrat and even in Guadeloupe 50 km from Montserrat with waves up to 2m [START_REF] Pelinovsky | Tsunami generated by the volcano eruption on july 12-13, 2003 at montserrat, lesser antilles[END_REF] 

I.3.3 Synthesis on landslide generated tsunamis

In the literature a large number of landslide tsunamis have been studied. Table I.3.3 presents a number of these researched events that are the results from slope instabilities both submarine and subaerial. Yavari-Ramshe and Ataie-Ashtiani (2016) and [START_REF] Tappin | Submarine Landslides and Their Tsunami Hazard[END_REF], respectfully provided some reviews of historical landslides and historical landslide tsunami. Some ancient events are well known and studied, as is the case for the Storegga, Norway, Slide [START_REF] Bondevik | Tsunami from the storegga landslide[END_REF] which is the biggest known submarine landslide tsunami. This event generated a tsunami whose runups reached from 3 to 20m on the coast of Scotland, Norway, Shetland and Faroe Islands. The tsunami generated by the 1883 Krakatau, Indonesia, eruption is also a well-studied example where the collapse of the caldera generated waves with an amplitude up to 50m that killed 30000 people in the Sunda Strait [START_REF] Nomanbhoy | Generation mechanism of tsunamis from the 1883 Krakatau eruption[END_REF].

For the past decades landslide generated tsunamis have been largely studied and some constraints were provided on such events. Some studies allowed to show that large-volume landslides do not necessarily generate tsunamis commensurate with their size [START_REF] Løvholt | Some giant submarine landslides do not produce large tsunamis[END_REF]. The failure mechanism of the landslide may be a critical control in the tsunami generation. A retrogressive failure mechanism will result in smaller initial elevation waves compared to landslides that fail from the top [START_REF] Løvholt | Some giant submarine landslides do not produce large tsunamis[END_REF]. Those results of such studies demonstrated the importance of understanding and correctly modeling the landslide morphology and failure mechanism in the process of the tsunami generation. Some other factors appeared as important in controlling the tsunamis generation such as: slide velocity, slide volume, failure mechanism, water depth and slide distance from the shoreline.

Further studies showed that in the case of blocks and slumps the velocity is most important in the initial tsunami generation as those events are impulsive. In the case of translational landslides, it seems that it is the acceleration [START_REF] Løvholt | On the characteristics of landslide tsunamis[END_REF]. Generally, it seems that translational landslides are larger in volume and with longer runout distance compared to blocks and slumps. These large-volume landslides are generally considered retrogressive, failing from the bottom up, a mechanism that reduces their tsunamigenic potential. It has also been shown that even large-volume landslides may produce tsunamis of only modest size and that the frequency dispersion of large volume landslide tsunamis may not be as important as previously believed as the wavelength produced are longer and closer to those of earthquake tsunamis, therefore they can travel further without losing energy contrary to the smaller volume landslide generated tsunamis. the location of the event. The Death column represent the number of lost life (when reported) for each event. Fourth column is the volume of the flowing mass in millions of cubic meters. Fifth to eighth column are the characteristics of the flowing mass before the collapse with, respectfully, the initial altitude of the flowing mass (in m), the initial width of the flowing mass (in m), the initial length of the mass (in m) and finally the initial thickness of the mass (in m). Ninth column is the slope angle at the initial emplacement of the mass (in °). Tenth column is the maximum height of the wave generated by the landslide (in m (when known)). Eleventh column represent the runup of the waves on land (in m).

I.4. Martinique and Mayotte geodynamic contexts

During this thesis, numerical simulations of landslides generated tsunamis associated to volcanic contexts applied to real cases have been focused on Martinique in the Lesser Antilles and Mayotte in the Comoros Archipelago. We focused on these two volcanic French volcanic islands as volcanic activity offshore Mayotte and reactivation at Montagne Pelée have been significant. In the following parts, we briefly summarize the geodynamical contexts of those two islands. Predicted bathymetry from [START_REF] Smith | Global sea floor topography from satellite altimetry and ship depth soundings[END_REF]. Contour interval is 1000 m. The Grenada back arc Basin (thick solid line) borders the southern islands of the arc. (from Le Friant et al. 2003) The Lesser Antilles arc results from the subduction of the North and South American tectonic plates under the Caribbean plate, at a rate of 2 cm/year [START_REF] Wadge | Comparison of volcanic production-rates and subduction rates in the Lesser Antiles and Central America[END_REF][START_REF] Demets | GPS geodetic constraints on Caribbean-North America plate motion[END_REF]. The extension of this arc is 850 km from South America to the Greater Antilles. The volcanism of the arc has been active since 40 million year [START_REF] Martin-Kaye | A summary of the geology of the Lesser Antilles[END_REF]Bouysse et al., 1990). North of Dominica, the arc divides itself in two: a first arc on the East, mostly consisting of a carbonated platform and older islands where the volcanism is extinct (Miocene to early Eocene), and another arc on the west where the volcanism has been active since 20 million years. It was suggested that this shift in the volcanic arc was a consequence of the subduction of the Barracuda aseismic wedge [START_REF] Germa | Evolution volcano-tectonique de l'île de la Martinique (arc insulaire des Petites Antilles): nouvelles contraintes géochronologiques et géomorphologiques[END_REF], leading to the uprising of the slab or the stop of the volcanic activity (Bouysse et Westercamp., 1990). South of Dominica Island, the two arcs regroup into one arc which shows the superposition or juxtaposition of the volcanic activity of the two arcs, depending on the islands. This southern part of the Lesser Antilles arc is bordered to the west by the Grenada Basin, with a depth of 3000 m. Grenada basin is a backarc basin, typical of active margin.

I.4.1. Martinique, Lesser Antilles Arc

The Lesser Antilles arc recorded a lot of volcano flank collapses. During the past 10 000 years, at least 52 volcanic flank collapse have been identified on the flanks of volcanic edifices of the Lesser Antilles Arc (e.g., [START_REF] Boudon | Flank failure-directed blast eruption at Soufriere, Guadeloupe, French-west-Indies -A 3,000-yr-old Mt St[END_REF][START_REF] Boudon | Magma and hydrothermally driven sector collapses -3100 AND 11,500-Y -BP eruptions of la Grande (La Soufriere) volcano, Guadeloupe, French-West-Indies[END_REF]Boudon et al., , 2007;;Vincent et al., 1989;Deplus et al., 2001;[START_REF] Friant | Les déstabilisations de flanc des volcans actifs de l'arc des Petites Antilles : origines et conséquences[END_REF], Le Friant et al., 2003a, 2003;[START_REF] Komorowski | Guadeloupe, in Volcanic Hazard Atlas of the Lesser Antilles[END_REF][START_REF] Trofimovs | What happens when pyroclastic flows enter the ocean?[END_REF][START_REF] Trofimovs | Evidence for carbonate platform failure during rapid sea-level rise; ca 14000-year-old bioclastic flow deposits in the Lesser Antilles[END_REF][START_REF] Trofimovs | Timing, origin and emplacement dynamics of mass flows offshore of SE Montserrat in the last 110 ka: Implications for landslide and tsunami hazards, eruption history, and volcanic island evolution[END_REF][START_REF] Lebas | Multiple widespread landslides during the long-term evolution of a volcanic island: Insights from high-resolution seismic data, Montserrat Lesser Antilles[END_REF]Watt et al., 2012a[START_REF] Watt | Widespread and progressive seafloor-sediment failure following volcanic debris avalanche emplacement: Landslide dynamics and timing offshore Montserrat, Lesser Antilles[END_REF][START_REF] Crutchley | Insights into the emplacement dynamics of volcanic landslides from high resolution 3D seismic data acquired offshore Montserrat, Lesser Antilles[END_REF]Karstens et al., 2013;[START_REF] Cassidy | Multi-stage collapse events in the South Soufriere Hills, Montserrat as recorded in marine sediment cores[END_REF].

The island of Martinique is the only island of the arc that shows the juxtaposition of the volcanic activity from the beginning of Miocene to now, with a gradual migration of volcanic activity from the southeast to the northwest of the island, following the evolution of subduction over time. Moreover, the island is located at the place where the ancient arc and the recent arc diverge, thus registering the "intermediate arc" (Germa et al. 2011a,b) (Figure I.4.1.1).

Martinique is therefore the island where the recorded geological history of the arc is the most complete. There are 8 main volcanic centers on the island (Figure [START_REF] Germa | The eruptive history of Morne Jacob volcano (Martinique Island, French West Indies): Geochronology, geomorphology and geochemistry of the earliest volcanism in the recent Lesser Antilles arc[END_REF]Germa et al., 2011a) Figure Montagne Pelée volcano in Martinique, known at least three major events of collapse of its southwest flank (Le Friant et al., 2003;Boudon et al., 2007;[START_REF] Germa | The volcanic evolution of Martinique Island: Insights from K-Ar dating into the Lesser Antilles arc migration since the Oligocene[END_REF]) during its evolution. Those events were identified from the joint collapse structure study recognized on land and debris avalanche deposits identified at sea. [START_REF] Brunet | Composition, geometry, and emplacement dynamics of a large volcanic island landslide offshore Martinique: From volcano flank-collapse to seafloor sediment failure?[END_REF] proposed a new evolution of the Montagne Pelée Volcano from 340 IODP Expedition results. The first flank collapse occurred around 127 ka [START_REF] Germa | The volcanic evolution of Martinique Island: Insights from K-Ar dating into the Lesser Antilles arc migration since the Oligocene[END_REF] and its volume was estimated to 25 km 3 generating the debris avalanche deposit DAD1 (Figure 1.4. 1.3(2)). The second flank collapse results from the failure of a new edifice that grew inside the first horseshoe structure. This second flank collapse generated DAD2 (Figure I.4.1.3.3(3)) whose volume is estimated to 13 km 3 . Finally, a last collapse destroyed the new cone forming a new horseshoe shaped structure and generated debris avalanche deposits (DAD3) (Figure I.4.1.3(3)). This last event is estimated to 2km 3 and may have occurred between 30 and 45 ka. [START_REF] Brunet | Composition, geometry, and emplacement dynamics of a large volcanic island landslide offshore Martinique: From volcano flank-collapse to seafloor sediment failure?[END_REF] proposed that volcano flank collapses on Montagne Pelée generate debris avalanches that enter the sea, stop at the base of the submarine flank and incise and load the seafloor sediments, to generate failure, propagation, and deformation of marine sediments (SLD:Submarine slide deposits, Figure 1.4.1.3). This new model could be applied to other islands of the Lesser Antilles Arc (Le Friant et al., 2015Friant et al., , 2019)).

Montagne Pelée in Martinique is monitored by the Martinique Volcanological and Seismological Observatory (OVSM-IPGP). 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 reports, https://www.ipgp.fr/fr/ovsm/observatoire-volcanologiquesismologique-de-martinique-ovsm-ipgp). Since November 2020, seismicity has continued, sometimes with heightened periods such as in April 2021. These observations reflect an increase in the activity of the hydrothermal system of Montagne Pelée. 

I.4.2. Mayotte, Comoros Archipelago

The volcanic Comoros archipelago is composed of four main volcanic islands located North of Mozambique and Madagascar (Figure I.4.2.1). Those islands are from west to east: Grande Comore, Mohéli, Anjouan and Mayotte, and further east, the Geiser and Leven volcanic banks (Daniel et al., 1972). (Bertil and Reignoult, 1998). A.G. Alaotra graben (from [START_REF] Michon | The Volcanism of the Comoros Archipelago Integrated at a Regional Scale[END_REF] The Comoros archipelago is situated on a 150 Ma old oceanic lithosphere. [START_REF] Michon | The Volcanism of the Comoros Archipelago Integrated at a Regional Scale[END_REF] suggests that the magmatism in Mayotte probably started 20 Ma ago, while, for the other islands it may have started 10 Ma ago. However, the origin of this magmatism is still debated and is either interpreted as the surface expression of a deep mantle plume, or, the result of lithospheric deformation linked to the East African rift. b. The archipelago is composed from east to west of Mayotte, Anjouan, Mohéli and Grande Comore. Geiser and Leven banks are submarine reliefs of volcanic origin (Daniel et al., 1972). Saint Lazare (StL) and Paisley seamounts also correspond to submarine volcanoes related to the Kerimba and Lacerda basins [START_REF] Mougenot | Structure et volcanisme d'un rift sousmarin: le fossé des Kérimbas (marge nord-mozambique)[END_REF]. Black lines account for Miocene to Quaternary faults related to the Kerimba and Lacerda basins (after [START_REF] Mougenot | Structure et volcanisme d'un rift sousmarin: le fossé des Kérimbas (marge nord-mozambique)[END_REF]. NB Nosy Be. c. Topography along the volcanic track (From Michon et al., 2016) Mayotte islands (Figure I.4.2.2.) probably formed by two shield volcanoes [START_REF] Stieltjes | Hydrogeology of the oceanic island of Mayotte (Comores archipelago, Western Indian Ocean)[END_REF][START_REF] Debeuf | Etude de l'évolution volcano-structurale et magmatique de Mayotte, Archipel des Comores, océan Indien: approches structurales, pétrographique, géochimique et géochronologique[END_REF][START_REF] Audru | Bathymay: la structure sous-marine de Mayotte révélée par l'imagerie multifaisceaux[END_REF] with a volcanism that spans between the Miocene and Holocene (Daniel et al., 1972). [START_REF] Audru | Bathymay: la structure sous-marine de Mayotte révélée par l'imagerie multifaisceaux[END_REF]. (From Audru et al., 2006) The two islands of Mayotte (Grande Terre and Petite Terre) are surrounded by a large lagoon (1100 km²) delimited by a barrier reef that is cut by some channels (Figure I.4.2.3).

Because of this geological framework and of its geographical location, Mayotte is exposed to several natural hazards. Placed in a tropical geographical location, Mayotte sustains heavy rainfall (up to 1500 to 2 000 mm/yr) and tropical cyclones that are contributing to erosion easing land instabilities. The lagoon ends abruptly after the coral reef with steep slopes around the island that can also be subject to instabilities that could be triggered by seismic or volcanic activity.

Since May 2018, the island of Mayotte is undergoing an important seismic activity related to the construction of a large new submarine volcano 50 km offshore Petite Terre (Feuillet et al., 2021) (Figure I.4.2.4) whose volume was estimated to be around 5 km 3 . In 2019, the French government set up the REVOSIMA (Volcanological and Seismological Monitoring Network of Mayotte; https://www.ipgp.fr/fr/revosima) to monitor this ongoing seismo-volcanic crisis under the coordination of the DIRMOM (Inter-ministerial delegation for overseas hazard assessment), with inter-ministerial funding (MI, MESRI, MTES, MOM). The REVOSIMA is funded to: (i) develop scientific knowledge in that area that has been crucially lacking prior to the crisis along with gathering high-resolution, multi-parameter datasets for monitoring the evolution of seismo-volcanic activities, (ii) identify and then transmit alerts on the observed seismo-volcanic phenomena to the authorities in charge of the civil protection, (iii) regularly disseminate information to all stakeholders and to the general public, with regards to a constant demand for transparency. Feuillet et al., 2021) The epicenters of the seismic swarms are located between 5 and 15 km east of Petite Terre for the proximal swarm (Figure I.4.2.5), and from 25 km to 50 km eastward of Petite Terre for the distal swarm (Lemoine et al., 2020a;Saurel et al., 2021). Perturbations in the water column associated to plumes likely linked to magmatic activity were reported in the new volcano area and in the vicinity of the seismic swarm the closest to Petite Terre (Feuillet et al., 2021, Scalabrin et al., 2021). Although variations in the number of earthquakes and their distribution have been observed since the start of the eruption in early July 2018 (Cesca et al., 2020;Lemoine et al., 2020a;Mercury et al., 2020;Saurel et al., 2021), a continuous seismicity persists and could generate several earthquakes of magnitudes close to M4 widely or even larger felt by the population. Since May 10, 2018, 2056 earthquakes with magnitudes greater than 3.5 have been recorded, including 36 with recorded magnitudes greater than 5 (REVOSIMA bulletin n•37, Decembre 2021). Recent tsunamis and landslide driven tsunamis serve as tragic reminders that such events are a major natural hazard to human beings. In particular, landslide driven tsunamis such as the 1958 Lituya Bay case can produce massive waves that can exceed 150 m in height. Tsunamis and landslides are two major risks that can have severe impact on society, and the risk assessment of these types of events relies mostly on our ability to perform precise numerical simulation of such events. In this objective, numerical models have been significantly developed. In this section, a state of the art of the numerical modeling sphere of landslide and tsunamis will be developed before the presentation of the numerical models selected in the framework of this thesis.

II.2. Tsunamis and slide numerical model: a state of the art

Tsunamis generated by landslides have been at the center of the attention and concerns of engineers and researchers during the past decades because of their potential catastrophic impacts. At the same period, the increasing in computational resources power have led to more application and development of numerical modeling to better understand, assess, and manage the risks associated to such hazards. For both landslides and tsunamis, the simulation is mostly performed by solving either the full Navier-Stokes equations or depth-integrated approximations.

II.2.1. Slide models and rheology

II.2.1.1 Slide models

Natural granular flow like landslides, mudslides and rockslides are natural hazards that may lead to fatalities and economical damages.

In landslide modeling, two main conceptualizations are made about the landslide. The simplest conceptualization of landslide is to consider the landslide having a rigid-like behavior.

In this method, the slide material is treated as a single block and its kinetic parameters are defined for the slide center of mass motion. It is assumed that the mass is moving along the bottom topography under effect of several forces such as bottom friction, gravitational forces, pore water pressure and ambient resistance stresses (e.g. [START_REF] Pariseau | A simple mechanical model for rockslides and avalanches[END_REF][START_REF] Hutchinson | A sliding-consolidation model for flow slides[END_REF]McEwen and Malin 1989). Another possible way to describe the slide in this conceptualization is to consider the landslide as multiple successive blocks as it has been done by [START_REF] Tinti | A block-based theoretical model suited to gravitational sliding[END_REF]. In 2006 Ward and Day introduced a new class of landslide model where an avalanche is described as a large number of independent particles. This method permits the tracking of the complex interactions between particles.

As it has been shown by the literature the landslides have often have a fluid like flow behavior with an appropriate rheology. Therefore, the second approach for conceptualizing the landslide is to take into account its deformability. Where 𝑢 = (𝑢, 𝑣) is the velocity, 𝜂 the surface elevation (water depth or flow thickness) and 𝑑 the initial water depth (or flow thickness) [START_REF] Fauve | Waves on Interfaces[END_REF].

Those depth integrated models are generally quite fast and easy to run and have been successfully used for modeling real events. The effects of the bed erosion were inserted in a model of this type by [START_REF] Pitman | A Model Of Granular Flows Over An Erodible Surface[END_REF]. The table II.2.1.1 presents a non-exhaustive list of landslide numerical models and lists their governing equations, considered rheology, dimension and applications. Nevertheless, these simplified models are potentially less accurate in modeling the processes themselves, in comparison to full 3D multiphase landslide and tsunami models. In addition to the limitations inherent to the shallow assumption, there are a number of mathematical, mechanical and numerical challenges that, when not appropriately addressed, may induce significant errors on the simulation of the granular avalanche.

One of the challenges concerns the accurate derivation of shallow depth-averaged equations for granular flows on a general 2D topography z(x,y) (e.g., Peruzzetto et al., 2021). The first rigorous derivation of depth-averaged flow equations over arbitrary topographies, with a curvature small enough to be compatible with the shallow approximation, was provided by Bouchut et al., (2003) and Bouchut and Westdickenberg (2004) for a 1D and 2D topography, respectively, and solved numerically by Mangeney-Castelneau et al., (2005) and Mangeney et al., (2007a) in the code SHALTOP. In the resulting equations, two curvature terms appear: one ensures the flow velocity to remain tangent to the topography (as assumed for thin-layer models), and one that appears when frictional rheologies are used. As shown by Bouchut and Westdickenberg (2004), Luca et al., (2009), Fischer et al., (2012), andPeruzzetto et al., (2021), the exact expression of the topography curvature along the flow path involves the topography curvature tensor. [START_REF] Castro | The numerical treatment of wet/dry fronts in shallow flows: application to one-layer and two-layer systems[END_REF] proposed a new numerical scheme to correctly treat the wet/dry front and bear with the intricacies that wet/dry treatment may lead to. 

II.2.1.2 Rheology

As stated before, the rheology of the landslide can be modeled with more or less complexity depending on the chosen law.

One main approach for landslide modeling is to consider the landslide as a Newtonian viscous fluid (Abadie et al., 2012;Horrillo et al., 2013;Rauter, 2021). This rheology is controlled by the viscosity parameter and a large range of values is used in the literature.

Another approach is to consider the landslide having a non-Newtonian rheology. In this approach, the landslide is considered as a rigid body if the shear stress remains under a critical value. Once this value is exceeded, the landslide behaves like a viscous fluid.

The granular rheology following the Coulomb (or Voellmy) law is widely used in most of the models (Yavari-Ramshe and Ataie-Ashtiani, 2016). These rheology laws require parameters such as the friction angle or the internal friction angle (Mangeney et al., 2000;Kelfoun et al., 2010). Values of these parameters can be found through sensitivity studies and have a wide range of values as several parameters have to be taken into account and do not depend only on the material or the volume (Brunet et al., 2017). This frictional rheology is used to model the interaction between the flow and the topography which better reproduce the main characteristics of debris avalanche resulting from landslides (Le Friant et al., 2003;Lucas et al., 2014;Moretti et al., 2015;Brunet et al., 2017). Table II In this work we decided to use the Coulomb and Pouliquen friction law as they are commonly used (Table II.2.1.1) and have proven to correctly reproduce field data (Brunet et al., 2017).

Coulomb friction law

In the Coulomb friction law the empirical friction coefficient 𝜇 is constant as

𝜇 = 𝑡𝑎𝑛𝛿 (II.4)
where 𝛿 is the so-called basal friction angle. This friction law is the simplest that can be used in landslide modeling as only one parameter has to be constrained empirically. Physically this angle represents the angle that the slope is doing with the material when this one is at the equilibrium.

Pouliquen and Forterre friction law

Based on laboratory experiments on flows of spherical glass beads on a rough bed, Pouliquen (1999) developed an empirical friction law valid for steady uniform flows. The thickness of the deposit left after a steady uniform flow on a slope inclined at an angle θ from the horizontal was called ℎ 𝑠𝑡𝑜𝑝 (θ). Pouliquen (1999) shows the dependency of the velocity of the flow u with the ratio of its thickness ℎ to ℎ 𝑠𝑡𝑜𝑝 (θ) by

𝐹𝑟 = 𝑢 √𝑔ℎ 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝜁) = 𝛽 ℎ ℎ 𝑠𝑡𝑜𝑝 (II.5)
where 𝐹𝑟 is the Froude number and the constant β = 0.136 for glass beads.

An extension of this friction law was later developed by Pouliquen and Forterre (2002) from experimental measurement of the thickness of the deposit left after a steady uniform flow ℎ 𝑠𝑡𝑜𝑝 (θ) (similar to Pouliquen (1999)) and measuring the angle at which this layer starts to flow again. This angle was called 𝜃 𝑠𝑡𝑎𝑟𝑡 (ℎ) and is the inverse function of ℎ 𝑠𝑡𝑎𝑟𝑡 (𝜃) Using three critical angles together with constant β and the fitting parameter L. Pouliquen and Forterre (2002) developed a basal friction law for the whole range of possible thicknesses and Froude numbers even though the experimental data only concerned steady and uniform flows. 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). Note that this model assumes that the flow is either completely mobile or static throughout its depth. Finally, the friction coefficient can be written in each regime as:

𝜇(ℎ, 𝐹𝑟) = { 𝜇 1 + 𝜇 2 -𝜇 1 1 + ℎ𝛽 𝐿𝐹𝑟 , ( 𝐹𝑟 𝛽 )  (𝜇 1 + 𝜇 2 -𝜇 1 1 + ℎ 𝐿 -𝜇 3 - 𝜇 2 -𝜇 1 1 + ℎ 𝐿 ) + 𝜇 3 + 𝜇 2 -𝜇 1 1 + ℎ 𝐿 , 𝑚𝑖𝑛 (𝜇 3 + 𝜇 2 -𝜇 1 1 + ℎ 𝐿 , |𝑡𝑎𝑛𝜁𝒊 -𝛻ℎ|) , 𝐹𝑟 ≥ 𝛽, 0 < 𝐹𝑟 < 𝛽, 𝐹𝑟 = 0, (II.6) (II.7) (II.8)
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where 𝜇 1 = 𝑡𝑎𝑛 (𝜃 1 ), 𝜇 2 = 𝑡𝑎𝑛 (𝜃 2 )and 𝜇 3 = 𝑡𝑎𝑛 (𝜃 3 ) are the tangents of the critical angles, 𝜃 1 , 𝜃 2 and 𝜃 3 and i is the unit vector in the x-direction. The angle 𝜃 3 corresponds to the asymptote of the curve 𝜃 𝑠𝑡𝑎𝑟𝑡 (ℎ) representing the angle at which a layer of thickness h is mobilized. Note that the friction law in the inter-mediate regime is given by a power law extrapolation between the friction laws in the static and dynamic friction regimes. Several studies have focused on this friction laws and possible extensions to reproduce laboratory experiments on erosion/deposition waves (Mangeney et al., 2007b;Edwards and Gray., 2014;Edwards et al., 2017;Edwards et al., 2019;Russell et al., 2019) or self-channeling flows and levee formation (Mangeney et al., 2007a;Rocha et al., 2019) but the behavior of granular material in the intermediate regime is still largely unknown.

II.2.2. Tsunamis models

Tsunamis are rare events but, however, often have severe consequences such as was the case with the recent Sumatra and Tohoku tsunamis in 2004 and 2011 respectively. The potential impact of the tsunamis leads to a high demand on accurate simulation results for risk assessment purposes. The low amount of real-world data on tsunamis also reinforces this necessity of being able to simulate potential events upstream. However, those numerical models need to be validated on field scale before being applied to risk assessment and the low availability of actual data from historic events makes this process difficult.

The complexity of the physical processes involved in tsunamis and the different scales at which they are taking place leads to very demanding modelization. For example, the relatively accurate approximation of the linear shallow-water theory that can be applied for waves propagation in deep ocean will not describe accurately the wave propagation when transitioning to a bore or solitary wave train in shelf areas or when the waves are breaking in coastal regions. In those cases, simulations demand appropriate mathematical and numerical treatments. Therefore, to accurately model the tsunami wave propagation and inundation processes it is necessary to correctly describe the physical phenomenon in terms of mathematical equations and appropriate methods to solve these equations.

Tsunamis may be induced by different events that also all require specific treatment (e.g., an earthquake will not generate the waves the same way a landslide will). Tsunamis waves can commonly be induced by several sources such as megathrust-type earthquakes, submarine landslides, rock slides, volcanic eruptions and meteoroid impacts. In this section we will focus on the landslide generated tsunamis as it is the main topic of this thesis.

For the water layer, i.e. tsunami waves, different approximations are made. Despite the high computation resources and time cost, some models deal with the full Navier-Stokes equations (Gittings, 1992;[START_REF] Abadie | VOF/Navier-Stokes numerical modeling of surface waves generated by subaerial landslides[END_REF]Horrillo et al., 2013;Ma et al., 2013Ma et al., , 2015)). However, most of the models applied at the field scale are solving shallow water depth-averaged equations, assuming a hydrostatic pressure for both the granular and water layers (Jiang & LeBlond, 1992;Heinrich et al., 1998;Mangeney et al., 2000;Fine et al., 2003;Fine et al., 2005;Fernandez-Nieto et al. 2008;Majd & Sanders, 2014;Yavari-Ramshe & Ataie-Ashtiani, 2015). This theory has been very successful for describing the phenomenon since, in most of the cases, (particularly at sea) the assumptions made in this approximation are well matched to the wave behavior equations. In particular, for tsunamis it is assumed that the wave height ℎ is small compared with the mean water depth 𝐻 (ℎ<<< 𝐻) which is particularly the case in deep ocean. Also, the characteristic wavelength L has to be large compared with the water depth (𝐻 <<<L), which is mostly the case when dealing with earthquake generated tsunamis. Therefore, vertically the velocity field should not be significantly changing and is neglected (as the acceleration) and the horizontally they do not depend on the water depth. While applying these assumptions the nonlinear set of shallow-water equations are

{ 𝜕ℎ 𝜕𝑡 + 𝛻(𝑣(𝐻 + ℎ)) = 0 𝜕𝑣 𝜕𝑡 + 𝑣 * 𝛻𝑣 + 𝛻(𝑔ℎ) = 𝑆(𝑣, ℎ) (II.9)
where ℎ is the sea surface elevation, 𝐻 the initial depth of the ocean, 𝑣 depth-averaged horizontal velocity, 𝑔 the acceleration due to gravity and 𝑆 a source term that can be neglected [START_REF] Behrens | New computational methods in tsunami science[END_REF].

However, when shallow-water assumptions become questionable, dispersive wave models become necessary. Indeed, wave dispersion can be significant (Ma et al., 2015), in particular when the water wavelength is smaller or about the same order of magnitude than the water depth (Yavari-Ramshe and Ataie-Ashtiani., 2016), i.e., when the waves are reaching coastal areas. In this case, for the water wave propagation part, more advanced depth-averaged models are based on Boussinesq-type equations (non-hydrostatic pressure) that are weakly dispersive (Kirby et al., 1998;Zhou et al., 2011;Popinet, 2015;Macias et al., 2021b). The Boussinesq equations are a set of equations introduced in 1872 that are close to the shallow water equations but including additional terms to take into account the linear frequency dispersion which is really useful when simulating tsunamis. Among the numerous models based on the Boussinesq equations, FUNWAVE-TVD (Shi et al. 2012) is widely used to model tsunamis [START_REF] Grilli | Numerical simulation of the 2011 Tohoku tsunami based on a new transient FEM co-seismic source: Comparison to far-and near-field observations[END_REF]Abadie et al.,2020).

To completely describe the fluid wave behavior, the three-dimensional Navier Stokes equations have to be applied especially in situations where complex wave interactions are to be studied which may be impossible with the shallow-water approximation. The basic equations can be given by

𝛻𝑣 = 0 𝜕𝜈 𝜕𝑡 + 𝜈 * 𝛻𝜈 = - 𝛻𝑝 𝜌 + 𝑣 𝜌 𝛻 2 𝜈 (II.10)
With v the viscosity [START_REF] Behrens | New computational methods in tsunami science[END_REF].

The models based on these equations have the reputation to be more accurate because they are more complete. However, the computational costs associated with these 3D modelling are prohibitive in crisis situations or in hazard assessment where many simulations are required. Note that coupled modelling approaches 3D multiphase (tsunami generation)/2D (propagation and flooding) are beginning to be used to simulate in detail a limited number of scenarios corresponding to realistic cases (Abadie et al. 2020).

II.2.3. Landslide generated waves model

Landslides can trigger tsunamis when the flow is interacting with water when either a subaerial landslide enters into water or a submarine landslide initiates its motion. Landslides are usually not instantaneous events and therefore, long enough to cause interactions between slide and water. This is why the landslide movement history has to be included in the landslide generated waves generation in order to achieve more realistic and more precise modeling of such events. However, simulating such complex events is complicated. Several approaches to simulate the landslide generated waves have been taken by researchers such as landslide generated waves models or models coupling.

In the single model approach, the generation, propagation, runup and inundation stages are all simulated within a single model that consider the interaction between the landslide and the water column. For the tsunami generation part, the simplest models compute the water motion in response to a moving mass that may be rigid, specified as bottom boundary conditions (Tinti et al., 1999;Grilli et al., 2002;Lynett & Liu, 2002;Fine et al., 2003;Grilli & Watts, 2005;Lynett & Liu, 2005;Ataie-Ashtiani & Jilani., 2007;Ataie-Ashtiani & Yavari-Ramshe, 2011;Ma et al., 2013;Tan et al., 2018).

In this configuration the shape of the mass is often represented as a Gaussian or hyperbolic shape to simplify the real landslide geometry. This slide geometry is often considered as invariant throughout the event but can sometimes vary during the motion based on empirical equations or data measurements. The rigid landslide motion leads to surface fluctuation by modifying the seabed. The seabed can be considered as a time variable boundary condition. The use of this type of model often leads to overestimating the generated tsunamis characteristics. Therefore, for a more accurate assessment of the generated tsunamis waves characteristics and hazard, the landslide behavior (deformability and rheological behavior) during its flow should be considered in simulations.

When dealing with deformable landslide, the models often consider a combination of a landslide and a water layer. The models either consider the water layer and landslide combined as a single layer or, the moving mass and the water column as two separate layers, each with its own rheology. A manning equation can be applied at the interface and the bottom to define the shear stress. Recent studies also consider the granular layer as a solidfluid mixture having different rheology.

Since the pioneered work of Savage and Hutter (1989), depth-averaged numerical models of tsunamis generated by landslides have been significantly developing (e. g. Gittings, 1992;Mangeney et al., 2000;Heinrich et al., 2001aHeinrich et al., , 2001b;;Fernandez-Nieto et al., 2008;Abadie et al., 2010;Kelfoun, 2011;Kelfoun & Vargas, 2015). As previously stated, the most common kind of models for simulating landslide generated waves are based on the shallow assumption: the landslide thickness and water layer depth are assumed to be small in comparison to the landslide downslope extension and the water wavelength respectively. And, as for the landslide simulation, there are a number of mathematical, mechanical and numerical challenges that, when not appropriately addressed, may induce significant errors on the simulation of (i) the landslide, (ii), the wave generation, and (iii) the wave propagation.

One of these challenges is to describe grain-fluid interaction in landslides. Depth-averaged thin layer landslide models have been recently improved to take into account these interactions (Pitman andLee, 2005, Pudasaini, 2012;Mergili et al., 2017), and in particular dilatancy and associated pore fluid pressure effects (Iverson & George, 2014;Bouchut et al., 2016bBouchut et al., , 2017;;Pudasaini and Mergili, 2019). However, these models contain several parameters difficult to constrain in field-application. In 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 (e. g. Fernandez-Nieto et al., 2008;Majd & Sanders, 2014;Yavari-Ramshe et al., 2015;Ma et al., 2015;Zhang et al., 2021a,b). The main advantage of these models is to involve only a few rheological parameters.

Another challenge, poorly addressed in the literature, is the choice of the coordinate system. Indeed, to accurately derive shallow approximation, it is necessary to measure the thickness in the direction roughly normal to the surface of the considered thin flow. Thus, the shallow approximation for the tsunami part should be imposed in a Cartesian horizontal/vertical frame, while it has to be imposed in a coordinate system adapted to the topography variations for the landslide part. Very few models consider two different coordinate systems (Ma et al., 2015;Delgado-Sanchez et al., 2020), and none accounts 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 the two parts. The introduction of non-hydrostatic terms in the equations (Garres-Diaz et al., (2021), equation (4.9) in Bouchut et al., (2016a)) helps reducing the error related to inappropriate coordinate systems (Delinger and Iverson, 2004;Garres-Diaz et al., 2021;Zhang et al., 2021a).

In the coupled model approach for modeling landslide generated tsunamis, a number of mechanisms involved in the processes composing the events are simulated by different and efficient numerical models. The result of each of these models is then applied as the initial condition of the next model needed in the chain. In this approach the wave generation is often simulated by using non hydrostatic models solving Navier Stokes equations. When the waves leave the generation area and enter the propagation area Boussinesq water models are often used to simulate the far field wave propagation.

II.3. Numerical models and friction laws selected for this work

In this thesis, we chose 3 models to perform the numerical simulations. Those models were chosen for their complementarity and applicability to the different cases treated. Those codes will be described in the following part. First, two models are used in the simulations of the landslides, HySEA and SHALTOP and are numerical models that solve the shallow-water equations (where the thickness of the flow is considered really small compared to its downslope extension). SHALTOP solve the depth-averaged equations for dry granular flows on a random 3D complex topography, Where the HySEA family of geophysical codes based on either single layer, two-layer stratified systems or multilayer shallow water models. HySEA is used for the simulation of tsunamis generated by landslides. The last model selected for this work is FUNWAVE-TVD, a fully nonlinear Boussinesq wave model that is used in tsunami propagation and inundation simulation.

II.3.1. SHALTOP

The SHALTOP model was developed from a collaboration between the IPGP (Institut de Physique du Globe de Paris) and the Applied Mathematics department of the ENS of Paris (Ecole Normale Supérieure de Paris) and the Laboratoire d'Analyse et de Mathématiques Appliquées (LAMA).

Based on the Savage and Hutter (1989) approach, Bouchut et al. (2003), Bouchut and Westdickenberg (2004), and Mangeney et al. (2007a) developed a numerical model called SHALTOP that allows to solve the depth-averaged equations (Saint-Venant) for dry granular flows on a random 3D complex topography (by taking into account the curvature terms of the topography). From the depth-averaged equations, two unknowns are solved by the model which are the height and velocity of the avalanche. Moreover, more realistic friction laws can be used in SHALTOP than the simple Coulomb's friction law. It has been observed that the effects due to a complex topography can drastically change the dynamics of natural granular flows, therefore, it is important to accurately take them into account (Favreau et al., 2010;M. Peruzzetto & Thiery, 2020). This is achieved in SHALTOP through the curvature tensor of the topography 𝐻 that can be expressed as :

𝐻 = ( 𝜕 2 𝑏 𝜕𝑥 2 𝜕 2 𝑏 𝜕𝑥𝜕𝑦 𝜕 2 𝑏 𝜕𝑥𝜕𝑦 𝜕 2 𝑏 𝜕𝑦 2 ) (II.11)
With 𝑏(𝑥, 𝑦) the scalar function defining the topography and 𝑥, 𝑦 the horizontal coordinates. The normal to the topography at each point is calculated through a 3D unit upward normal vector:

𝑛 ⃗ = ( -𝜵 𝒙 𝑏 √1 + ||𝛻 𝑥 𝑏|| 2 , 1 √1 + ||𝛻 𝑥 𝑏|| 2 ) = (-𝒔, 𝑐) ∈ 𝑅 2 × 𝑅 (II.12)
Part II -Numerical Simulation : State of the art and selected models where 𝑥 = (𝑥, 𝑦) ∈ 𝑅 2 , the scalar 𝑐 = 𝑐𝑜𝑠𝜃 is the cosine of the angle between the vertical direction and the normal 𝑛 ⃗ . Here, the 3D vector will be denoted by ⃗⃗⃗ , whereas the 2D vector will be written in bold.

The flow is described by ℎ(𝑡, 𝒙) ≥ 0, 𝒖(𝑡, 𝒙) ∈ 𝑅 2 (II.13)

where ℎ is the thickness of the avalanche in the direction normal to the topography, and 𝑢 ′ = (𝑢, 𝑢 𝑡 ), is a parametrization of the velocity. This parametrization has been defined in order to simplify the equations with topography. The real 3D material velocity has horizontal/vertical components

𝑢 ⃗ = (𝑐𝒖, 𝒔 ⋅ 𝒖) (II.14)
This physical velocity is tangent to the topography, 𝑢 ⃗ * 𝑛 ⃗ = 0, as would be expected for shallow flows.

In the horizontal Cartesian coordinate formulation, the model can be expressed as 𝜕 𝑡 (ℎ/𝑐) + 𝜵 𝒙 ⋅ (ℎ𝒖) = 0 (II.15)

𝜕 𝑡 𝒖 + 𝑐𝑢. 𝜵 𝒙 𝒖 + 1 𝑐 (𝐼𝑑 -𝒔𝒔 𝒕 )𝜵 𝒙 (𝑔(ℎ𝑐 + 𝑏)) = -1 𝑐 (𝒖 𝒕 𝐻𝒖)𝑠 + 1 𝑐 (𝒔 𝒕 𝐻𝒖)𝒖 - 𝑔𝜇𝑐𝒖 √𝑐 2 ∥ 𝒖 ∥ 2 + (𝒔 ⋅ 𝒖) 2 ) (1 + 𝒖 𝒕 𝐻𝒖 𝑔𝑐 ) + (II.16)
where 𝛻 𝑥 is the gradient vector in the horizontal (x,y) plane and g the acceleration due to gravity. 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 rheological behavior is described by a Coulomb type friction law involving a constant or variable friction coefficient 𝜇. This model does not take into account the water to simulate the avalanches but replacing 𝑔 by 𝜅𝑔, with 𝜅 = 𝜌 𝑤 /𝜌 𝑠 , with 𝜌 𝑤 the density of water and 𝜌 𝑠 the density of the material makes it possible to recover the submarine flow equations when the drag friction that couple the avalanche and the water column is neglected.

II.3.2. HySEA numerical model

HySEA (Hyperbolic Systems and Efficient Algorithms) software consists of a family of geophysical codes based on either single layer, two-layer stratified systems or multilayer shallow water models. HySEA is a high-performance software package developed by the EDANYA group at the University of Málaga, Spain, for the simulation of geophysical flows, including tsunamis generated by earthquakes or landslides, river flooding, sediment transport, turbidity currents, etc. Here we will focus on the simulation of the landslide generated tsunamis. Several versions of the models were used in this work and will be presented in this section. We included in this family of code the 1D two-layer Savage-Hutter model presented in Fernández-Nieto et al., (2008) as this code is the base for the development of the selected models.

II.2.2.1. The 2D hydrostatic landslide-HySEA

The 2D HYSEA landslide-tsunami model is used to simulate the flow of the debris avalanche. It is a 2D extension of the model proposed in Fernandez-Nieto et al., (2008) but using cartesian coordinates. It is a two-layer model developed to simulate submarine avalanches, where one layer represents the granular avalanche and the other one the fluid. Both layers are assumed to be thin such that a depth-averaged approach can be used. HySEA model has been implemented by the EDANYA group (M. [START_REF] Castro | The numerical treatment of wet/dry fronts in shallow flows: application to one-layer and two-layer systems[END_REF][START_REF] Castro | High order finite volume schemes based on reconstruction of states for solving hyperbolic systems with nonconservative products. Applications to shallow-water systems[END_REF][START_REF] Castro | Wellbalanced finite volume schemes for 2D non-homogeneous hyperbolic systems. Application to the dam break of Aznalcóllar[END_REF]; M. J. Castro et al., 2008a;M. Castro et al., 2012;Macias et al., 2012;de la Asuncion et al., 2013;Macias et al., 2015). The thickness of the fluid and the granular layers are measured vertically and the mean velocity is computed in the horizontal direction. From the depth-averaged equations, six unknowns are solved by the model which are the heights and the velocities of the fluid and the avalanche layers.

In the following, (ℎ 1 ,𝑢 1 ) and (ℎ 2 ,𝑢 2 ) represent the vertical height and velocity of the fluid and granular layer respectively averaged in the vertical direction. The layer-averaged mass and momentum balance equations for the system are:

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 2 + (1 -𝜅)ℎ 1 )) = 𝑆 𝑓,2 .
(II.17) If we assume that the water free surface is close to horizontal

𝛻(𝑏 + ℎ 1 + ℎ 2 ) = 0, (II.18)
the velocity equation for the granular layer can be simplified using 𝛻 𝑥 ℎ 1 = -𝛻 𝑥 (𝑏 + ℎ 2 ). We obtain the system

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔𝜅(𝑏 + ℎ 2 )) = 𝑆 𝑓,2 .
(II.19)

Part II -Numerical Simulation : State of the art and selected models

Finally, if we neglect the friction between the fluid and the granular layer, it is possible for the system describing the evolution of the granular layer to be decoupled from the evolution of the fluid layer. Therefore, the granular layer evolution can be obtained as the solution of the system

𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔𝜅(𝑏 + ℎ 2 )) = -𝑔𝜅𝜇 ( 𝑢 2 ||𝑢 2 || ) (II.20) II.2.2.2. The 2D non-hydrostatic landslide-HySEA
The non-hydrostatic version of landslide-HySEA is an extension of the hydrostatic version of landslide-HySEA. When hydrostatic pressure is not also assumed for the water layer, the equations (II.17) extend to:

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 ) + 𝑝) + 𝑝 ℎ 1 𝛻 𝑥 (ℎ 1 + 𝛾(𝑏 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 𝑤 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑤 1 = 𝛾 𝑝 ℎ 1 , 𝛻 𝑥 ⋅ 𝑢 1 + 𝑤 1 -𝑢 1 ⋅ 𝛻 𝑥 (𝑏 + ℎ 2 ) ℎ 1 /2 = 0, 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 2 ) + 𝑔(1 -)ℎ 1 ) = 𝑆 𝑓,2 (II.21)
With :

𝑆 𝑓,1 = { 𝑚 𝑓 ℎ 2 ℎ 2 + 𝑟ℎ 1 ∥ 𝑢 2 -𝑢 1 ∥ (𝑢 2 -𝑢 1 ) if ℎ 2 > 0, -𝑔 𝑛 2 ℎ 1 4/3 ∥ 𝑢 1 ∥ 𝑢 1 if ℎ 2 = 0. (II.22) 𝑆 𝑓,2 = -(1 -)𝑚 𝑓 ℎ 1 ℎ 2 + 𝑟ℎ 1 ∥ 𝑢 2 -𝑢 1 ∥ (𝑢 2 -𝑢 1 ) -𝑔𝜇 𝑢 2 ∥ 𝑢 2 ∥ . (II.23)
where 𝑏(𝑥, 𝑦) defines the topography, 𝑥, 𝑦 the horizontal coordinates, 𝑚 𝑓 a drag coefficient between the fluid and the granular layer, and 𝑛 the Manning coefficient. Gravity is reduced by a factor:

 = 1 -𝜌 1 /𝜌 2 (II.24)
with 𝜌 1 the density of water, 𝜌 2 the density of the granular material, and 𝑟 = 𝜌 1 /𝜌 2 . Within this general formulation, 𝛾 = 2 gives the system first derived by Sainte-Part II -Numerical Simulation : State of the art and selected models [START_REF] Bristeau | An energy-consistent depthaveraged Euler system: derivation and properties[END_REF]. For 𝛾 = 3/2, and for the case of a flat bottom, we obtain the Green-Naghdi equations (Green & Naghdi., 1976) written as a non-hydrostatic pressure system. This model is solved numerically using a relaxation method, as described in Escalante et al. (2019).

Let us now continue simplifying the model to show how it can be reduced to the extended version of the SHALTOP model (section II.3.1) that will be used to quantify the errors related to topography effects in HySEA. If we assume that the water free surface is close to horizontal:

𝛻(𝑏 + ℎ 1 + ℎ 2 ) = 0, (II.25)
the velocity equation for the granular layer can be simplified using 𝛻 𝑥 ℎ 1 = -𝛻 𝑥 (𝑏 + ℎ 2 ). We obtain the system :

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔𝜅(𝑏 + ℎ 2 )) = 𝑆 𝑓,2 .
(II.26)

Finally, if we neglect the friction between the fluid and the granular layer, the evolution of the granular layer is decoupled from the evolution of the fluid layer. Therefore, the granular layer evolution can be obtained as the solution of the system

𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝜅𝑔(𝑏 + ℎ 2 )) = -𝜅𝑔𝜇 ( 𝑢 2 ||𝑢 2 || ) (II.27)
This corresponds to the equation (II.15) and (II.16) implemented in SHALTOP (section II.3.1) when substituting the gravity acceleration 𝑔 by 𝜅𝑔 and with the simplifications 𝑐 = 1, 𝑠 = 0, 𝐻 = 0 in SHALTOP. When the friction between the fluid layer and the avalanche is neglected, then, the only effect the water plays is a role in the acceleration terms (divide equation (II.27) by 𝜅).

II.3.3. FUNWAVE-TVD

The FUNWAVE-TVD code employs an enhanced version of the fully non-linear Boussinesq equations derived by Wei et al., (1995). Chen (2006) improved the original equations of Wei et al., (1995) in order to include the vertical vorticity, which is well suited for a wave-induced currents description (Chen et al., 2003). They also incorporated the adaptive vertical reference level of Kennedy et al., (2001) to improve the nonlinear representation of the model. The FUNWAVE-TVD code solves either fully nonlinear equations in a Cartesian framework (Shi et al., 2012) or a weakly nonlinear spherical coordinate formulation with Coriolis effects (Kirby et al., 2013) to take into account earth curvature. It uses a TVD shock-capturing algorithm with a hybrid finite-volume and finite-difference scheme. Following the approach of Tonelli and Petti (2009), wave breaking is detected when the ratio between wave height and water depth exceeds 0.8. The subsequent coastal inundation is simulated by canceling off dispersive terms, hence solving the nonlinear shallow-water equations. The third order strong stability preserving (SSP) Runge-Kutta scheme is adopted for time stepping.

The code is fully parallelized using the Message Passing Interface (MPI) protocol and efficient algorithms allowing a substantial acceleration of the computations with the number of cores.

For operational uses, FUNWAVE-TVD has received many convenient features, such as the use of nested grids to refine the simulations in the interest areas or the use of heterogeneous Manning coefficients to characterize bottom friction.

II.4. Selected methodology and advantages of the selected models

As there is no model that can account for all the intricate specificities of the landslides generated by tsunamis it seemed necessary to use several models to correctly simulate the different processes.

Landslide dynamics and deposit strongly depend on the underlying topography but also on the material composition (de Haas et al., 2015). The accurate description of the underlying topography is thus necessary to correctly model landslides in terms of physical processes and to propose accurate enough predictive models for hazard assessment. Even though some 3D numerical models are now proposed, they require prohibitive computational costs to be applied on large areas or when considering multiple natural events. SHALTOP was therefore chosen as it fulfills these characteristics however it does not take into account the interactions of the avalanche with water and cannot generate the associated waves.

Since the pioneered work of Savage and Hutter (1989), depth-averaged numerical models of tsunamis generated by landslides have been significantly developing (Gittings, 1992;Mangeney et al., 2000;Heinrich et al., 2001aHeinrich et al., , 2001b;;S. Abadie et al., 2010;Kelfoun, 2011;Kelfoun & Vargas, 2015), but some approximations still contribute to produce errors in the results. As stated before, the choice of the coordinate system is a challenge when dealing with landslide generated tsunamis as the landslide and the tsunami necessits different coordinate systems to be correctly modeled. Very few models consider two different coordinates systems (Ma et al., 2015;Delgado-Sanchez et al., 2020). In fact, in the few available models, the common drawback comes from the interpolation at the interface between the two grids, which may lead to high computational cost and prevent imposing the granular mass conservation. Brunet et al., (2017) successfully used the in development HySEA model in combination with SHALTOP to reproduce past events of flank collapse of la Montagne Pelée volcano and their offshore deposits. Even if the curvature of the topography is not taken into account in this numerical model, it takes into account the interaction between the granular flow and the water body generating the waves associated with the avalanches.

However, as HySEA is a still in development model there is still features that need implementation for it to be able to correctly model the waves propagation and coastal impact (inundation), another, already proven and more largely used numerical model was needed in order to correctly assess the hazards associated to the landslide generated tsunamis waves. During this work it was necessary to work on several concrete cases which required a rapid response and the use of a code already deployed. As FUNWAVE-TVD Is largely known and has been applied to a great number of cases with success it was chosen to perform the simulation of the wave propagation.

This work was done in the aim of assessing the hazards associated with landslide generated tsunami as well as better understand the complex dynamics of these events.

The first aim of the work was to assess the errors made when applying the numerical models to concrete cases. Laboratory experiments as well as concrete past natural events were simulated in this optic.

A framework was then developed to couple the HySEA numerical model with FUNWAVE-TVD to correctly generate and propagate the tsunamis waves in order to assess the risks for two concrete cases at Mayotte and La Montagne Pelée, Martinique. The numerical code SHATOP was used as a witness to calibrate the parameters of the rheological laws used in HySEA and correctly simulate the granular flow as well as assessing the risks linked to the granular flow itself when occurring in subaerial configuration.

Those studies have been completed with sensitivity tests of several parameters to better understand their effect on the wave generation.

Part III -Performance and limits of a shallow model for landslide generated tsunamis : from lab experiments to simulations of flank collapses at Montagne Pelée (Martinique)

III.1. Introduction In Part II, we discussed different models and concluded that no model is perfect and they all come with some disadvantages. Most of the time their application to laboratory experiments or real cases requests precise calibration of the parameters to be able to correctly reproduce the events. Consequently, each simulation is strongly dependent on numerous parameters.

Part III is dedicated to the analysis of the performance and limits of the model HySEA when modeling landslide generated tsunamis. First, we present an article that was submitted in January 2022 to Geophysical Journal International where HySEA model is applied to laboratory experiments and flank-collapse events occuring on Montagne Pelée volcano (Lesser Antilles). Second, we provide additional work done on the correlation between the debris avalanche flow and the evolution of the wave and preliminary conclusions on this correlation.

The main objective of the article is to investigate the dynamics and deposits of granular flows and the amplitude of the generated water waves using the depth-averaged shallow numerical model HySEA, both at the lab-and field scales. We investigate the different sources of errors by quantitatively comparing the simulations with (i) six new laboratory experiments of granular collapses in different conditions (dry, immersed, dry flow entering water) and slope angles, and (ii) numerical simulations made with the code SHALTOP that describes topography effects better than most landslide-tsunami models. Taking into account this error estimation, we simulate landslides that occurred on Montagne Pelée volcano, Martinique, Petites Antilles as well as the generated waves. In the context of the on-going seismic volcanic unrest at Montagne Pelée volcano, we calculate the debris avalanche and associated tsunami for two potential flank-collapse scenarios.

In addition to the article, we present preliminary results giving some insights in the tsunamis wave generation from a granular collapse from the perspective of the simulation of laboratory experiments with a hydrostatic version of HySEA. This work was contained in a preliminary version of the article but was not included in the final version.

III.2. Article 1 Introduction

Volcano flank collapses are recurrent processes that are part of the evolution of a volcanic edifice (Siebert, 1984;McGuire, 1996). These events generally produce typical horse-shoe shaped structures where the mass has ruptured and propagated, leading to the formation of debris avalanches flowing down the volcano flanks. For volcanic islands, these granular masses can spread out into the ocean and trigger tsunamis (e.g. Heinrich et al., 1998;Tinti et al., 1999;Mangeney et al., 2000;Kelfoun et al., 2010;Barrett et al., 2019;Williams et al., 2019;Heidarzadeh et al., 2020;Perttu et al., 2020).

However, the dynamics of these events and thus the quantification of the generated tsunami waves is still an open issue. Indeed, there are almost no live records of debris avalanche dynamics because of the unpredictability of their occurrence and the constraints of the submarine environment that make direct measurements extremely difficult to carry out. In this context, numerical simulations provide a unique tool to capture the dynamics of these granular flows and of the generated waves (see Yavari-Ramshe et al., 2015 for a review). Simulation results can then be used to derive physically-based hazard maps (Løvholt et al. 2020), useful for evacuation plans (Mas et al. 2012), land-use planning (Garcin et al. 2008, Terrier et al. 2013) and the design of submarine infrastructures (Cheung et al. 2011). The rigorous derivation and interpretation of such maps is however complex because practitioners are faced with significant uncertainties regarding (i) the position and characteristics of the released mass, (ii) the rheological laws and parameters to be used in the simulations, and (iii) the inevitable approximations made in the physically-based model. In this work, we focus on estimating the latter type of uncertainty and use our results to investigate past and potential flank collapses scenarios on the Montagne Pelée volcano (Martinique, Lesser Antilles).

The uncertainties regarding the simulation initial conditions, the material composition (e.g. De Haas et al., 2015), the rheological laws and associated parameters (e.g. Delannay et al., 2017, Peruzzetto et al., 2020) can be addressed by running multiple simulations to test the variability of these factors (Lovholt et al., 2020). However, if the model is complex and includes many parameters, this requires huge computational efforts. Simplified models are thus easier to use for field-scale operational hazard assessment, all the more so given that reducing the number of rheological parameters makes it easier to calibrate them and use them in different cases. The most common simplified models are based on the shallow assumption: the landslide thickness and water layer depth are assumed to be small in comparison with the landslide downslope extension and the water wavelength respectively. The shallow assumption is generally associated with depth-averaged equations on the flow thickness and average velocity. Since the pioneering work of Savage and Hutter (1989), depth-averaged numerical models of tsunamis generated by landslides have seen significant developments (e.g. Gittings, 1992;Mangeney et al., 2000;Heinrich et al., 2001aHeinrich et al., , 2001b;;Fernandez-Nieto et al., 2008;Abadie et al., 2010;Kelfoun, 2011;Kelfoun & Vargas, 2015).

Nevertheless, these simplified models are potentially less accurate in the modeling of the processes themselves in comparison with full 3D multiphase landslide and tsunami models. In addition to the limitations inherent to the shallow assumption, there are a number of mathematical, mechanical, and numerical challenges that, when not appropriately addressed, may induce significant error in the simulation of (i) granular avalanches, (ii), wave generation, and (iii) wave propagation.

The first challenge concerns the accurate derivation of shallow depth-averaged equations for granular flows for a general 2D topography 𝑧(𝑥, 𝑦) (e.g. Peruzzetto et al., 2021). The first rigorous derivations of depth-averaged flow equations over arbitrary topographies, with a curvature small enough to be compatible with the shallow approximation, were provided by Bouchut et al. (2003) and Bouchut and Westdickenberg (2004) for a 1D and 2D 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. As shown by Bouchut and Westdickenberg (2004), Lucas et al. (2009), Fischer at al. (2012), and Peruzzetto et al. (2021), the exact expression of the topography curvature along the flow path involves the topography curvature tensor. 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 and 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 these topography 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 wave without properly accounting for topography effects and (ii) calibrate the models to artificially reduce this error.

The second challenge is to describe grain-fluid interactions in landslides. Depth-averaged thin layer landslide models have recently been improved to take into account these interactions (Pitman andLee, 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 and Mergili, 2019). However, these models contain several parameters that are difficult to constrain in 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 (e.g. Fernandez-Nieto et al., 2008;Majd & Sanders, 2014;Yavari-Ramshe et al., 2015;Ma et al., 2015, Zhang et al., 2021a,b). The main advantage of these models is to involve only a few rheological parameters. This is in particular the case for the HySEA model (Macias et al., 2021b) that will be used in this work.

A third challenge, poorly addressed in the literature, is the choice of the coordinate system. Indeed, to accurately derive the shallow approximation, it is necessary to measure the thickness 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. 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 (Georges 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., 2021, equation (4.9) in Bouchut et al., 2016a) helps reduce the error related to inappropriate coordinate systems (Delinger and Iverson, 2004;Zhang et al., 2021a;Garres-Diaz et al., 2021).

For the tsunami generation part, the simplest models compute the water motion in response to a moving mass, generally rigid, specified as bottom boundary conditions (Tinti et al., 1999;Grilli et al., 2002;Lynett & Liu, 2002;[START_REF] Fine | Numerical Modeling of Tsunami Generation by Submarine and Subaerial Landslides[END_REF]Grilli & Watts, 2005;Lynett & Liu, 2005;Ataie-Ashtiani & Jilani., 2007;Ataie-Ashtiani & Yavari-Ramshe, 2011;Ma et al., 2013, Tan et al., 2018). However, most models are now more realistic and describe the granular flow and water motion in the same framework. 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 multi-phase fluid (the grain and fluid equations are both solved) (e.g. Horrillo et al., 2013;Grilli et al., 2014;Tappin et al., 2014). A second approach considers the granular flow and the water as two separate layers as in HySEA (Fernandez-Nieto et al., 2008, Macias et al., 2021b). A third 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).

For the water layer, i.e. tsunami wave, different approximations are made. Despite the costs of high computation resources and time, some models deal with the full Navier-Stokes equations (Gittings, 1992;S. Abadie et al., 2008;Horrillo et al., 2013;Ma et al., 2013Ma et al., , 2015)). However, most of the models applied at the field scale solve shallow water 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;[START_REF] Fine | Numerical Modeling of Tsunami Generation by Submarine and Subaerial Landslides[END_REF][START_REF] Fine | The Grand Banks landslide-generated tsunami of November 18, 1929: preliminary analysis and numerical modeling[END_REF]Fernandez-Nieto et al. 2008;Yavari-Ramshe & Ataie-Ashtiani, 2015). For the water wave propagation part, more advanced depth-averaged models are based on Boussinesq-type equations (non-hydrostatic pressure) that are weakly dispersive (Kirby et al., 1998;Zhou et al., 2011;Popinet, 2015), as is the case for the HySEA model used here (Macias et al., 2021b). Indeed, wave dispersion can be significant (Ma et al., 2015), in particular when the water wavelength is smaller than or about the same order of magnitude as the water depth (Yavari-Ramshe and Ataie-Ashtiani., 2016). 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).

Hence, there is presently no model for landslide-generated tsunamis that accurately deals with all these aspects at a reasonable computational cost and no precise idea of the errors made when neglecting some of them. Indeed, despite strong differences between models, most studies conclude that their model well reproduces laboratory experiments or field data by comparing simulation results with one or two lab-or field-scale observations. Even though this is not always explicit in the literature, these results have been obtained by fitting some of the involved parameters, making it impossible to estimate the error of the model when applied to other events (e.g. Si et al., 2018). We believe that a key point for future model improvement is to show, quantify and analyze their uncertainties. In this work, we focus on estimating the error in simulations done with the HySEA code, which has, as stated above, strong advantages and some limitations. In the perspective of field scale applications, we run it with as few parameters as possible, and thus a simple friction law.

Error when using HySEA will be estimated by comparing simulations with (i) results from another landslide model (SHALTOP) better describing topography effects but not the water wave and (ii) eight laboratory experiments conducted under very challenging conditions (at the limits of the model assumptions) 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 past events, we will use this model to preliminary estimate the impact of potential flank collapses related to the increasing volcanic activity in Martinique (OVSM-IPGP, 2021).

In the next section, we first describe the HySEA and SHALTOP numerical models. In section 3, we present seven laboratory experiments and associated simulations of granular flows for dry, immersed and dry entering water initial configurations. We compare HySEA to SHALTOP and to experiments to assess the performance and limits of HySEA 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 section 4, we present the simulations of HySEA performed on the real topography of Montagne Pelée (Martinique, France) for flank collapses of different volumes, modeling past and potential events. The results are then discussed in Section 5, in light of these 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 runout distance and the emplacement of the deposits as well as on the generated water waves and their propagation.

Numerical models

To simulate tsunami waves generated by landslides, we use the HySEA shallow depth-averaged 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 approximation and the flow averaging is done in a Cartesian horizontal/vertical reference frame for both the grain-fluid and the water layers, as for example in Georges et al. (2017). This means that we assume the thickness of the flow in the vertical direction is much smaller than the horizontal flow extension and that the velocity is mostly horizontal. While this assumption is well suited to describe water wave propagation, it induces error that increases with the slope angle when it is applied to describe grain-fluid flow (Delgado et al., 2020). To quantify the error related to topography effects, we use the SHALTOP code describing dry granular flows over complex topographies, extended to account for buoyancy effects. 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.

HYSEA numerical model

The two-layer HySEA code is a 2D 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 [START_REF] Castro | The numerical treatment of wet/dry fronts in shallow flows: application to one-layer and two-layer systems[END_REF][START_REF] Castro | High order finite volume schemes based on reconstruction of states for solving hyperbolic systems with nonconservative products. Applications to shallow-water systems[END_REF][START_REF] Castro | Wellbalanced finite volume schemes for 2D non-homogeneous hyperbolic systems. Application to the dam break of Aznalcóllar[END_REF]Castro et al., 2008a;Castro et al., 2012;Macias et al., 2012;Macias et al., 2015;de la Asuncion et al., 2013). The HySEA code is based on an efficient hybrid finite-volume-finite-difference numerical scheme on GPU architectures (Macias et al., 2021a). It runs much faster (about 40 times) than the SHALTOP code for small-scale simulations such as simple laboratory experiments and even faster when considering complex larger domains, as can be the case when studying field events.

As in most landslide-generated tsunami models, the fluid 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, bed erosion, or the incorporation of air and/or water are not taken into account (see Delannay et al. (2017) for a review).

From the depth-averaged equations, six unknowns are solved by the model (ℎ 1 ,𝐮 𝟏 ) and (ℎ 2 ,𝐮 𝟐 ), representing the vertical height and horizontal velocity of the fluid and granular layer, respectively, averaged in the vertical direction. The layer-averaged mass and momentum balance equations for the system are:

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 ) + 𝑝) + 𝑝 ℎ 1 𝛻 𝑥 (ℎ 1 + 𝛾(𝑏 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 𝑤 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑤 1 = 𝛾 𝑝 ℎ 1 , 𝛻 𝑥 ⋅ 𝑢 1 + 𝑤 1 -𝑢 1 ⋅ 𝛻 𝑥 (𝑏 + ℎ 2 ) ℎ 1 /2 = 0, 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 2 ) + 𝑔(1 -)ℎ 1 ) = 𝑆 𝑓,2 (1) 
With:

𝑆 𝑓,1 = { 𝑚 𝑓 ℎ 2 ℎ 2 + 𝑟ℎ 1 ∥ 𝑢 2 -𝑢 1 ∥ (𝑢 2 -𝑢 1 ) if ℎ 2 > 0, -𝑔 𝑛 2 ℎ 1 4/3 ∥ 𝑢 1 ∥ 𝑢 1 if ℎ 2 = 0.
(2)

𝑆 𝑓,2 = -(1 -)𝑚 𝑓 ℎ 1 ℎ 2 + 𝑟ℎ 1 ∥ 𝑢 2 -𝑢 1 ∥ (𝑢 2 -𝑢 1 ) -𝑔𝜇 𝑢 2 ∥ 𝑢 2 ∥ . (3) 
where 𝑏(𝑥, 𝑦) defines the topography, 𝑥, 𝑦 the horizontal coordinates, 𝑚 𝑓 a drag coefficient between the fluid and the granular layer, and 𝑛 the Manning coefficient. Gravity is reduced by a factor:

 = 1 -𝜌 1 /𝜌 2 (4)
with 𝜌 1 the density of water, 𝜌 2 the density of the granular material, and 𝑟 = 𝜌 1 /𝜌 2 . Within this general formulation, 𝛾 = 2 gives the system first derived by Sainte-Marie et al. (2015). For 𝛾 = 3/2, and for the case of a flat bottom, we obtain the Green-Naghdi equations (Green & Naghdi., 1976) written as a non-hydrostatic pressure system. This model is solved numerically using a relaxation method, as described in Escalante et al. (2019).

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

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

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 2 + (1 -𝜅)ℎ 1 )) = 𝑆 𝑓,2 .
(5) (2021a) showed that the HySEA multilayer non-hydrostatic model makes it possible to extend the validity range of the phase velocity but, for onelayer models (i.e. depth-averaged), the dispersive relation weakens for kH>2.5 (see their Table 1 and Figure 2). In particular, for small landslides far from the shore where the water depth is large, it is not possible to accurately simulate the waves on 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 (Macias et al., 2021a).

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 water free surface is close to horizontal:

𝛻(𝑏 + ℎ 1 + ℎ 2 ) = 0, (6) 
the velocity equation for the granular layer can be simplified using 𝛻 𝑥 ℎ 1 = -𝛻 𝑥 (𝑏 + ℎ 2 ). We then obtain the reduced system:

𝜕 𝑡 ℎ 1 + 𝛻 𝑥 ⋅ (ℎ 1 𝑢 1 ) = 0, 𝜕 𝑡 𝑢 1 + 𝑢 1 ⋅ 𝛻 𝑥 𝑢 1 + 𝛻 𝑥 (𝑔(𝑏 + ℎ 1 + ℎ 2 )) = 𝑆 𝑓,1 , 𝜕 𝑡 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝑔𝜅(𝑏 + ℎ 2 )) = 𝑆 𝑓,2 . (7) 
Finally, if we neglect friction between the fluid and the granular layer, 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 ℎ 2 + 𝛻 𝑥 ⋅ (ℎ 2 𝑢 2 ) = 0, 𝜕 𝑡 𝑢 2 + 𝑢 2 ⋅ 𝛻 𝑥 𝑢 2 + 𝛻 𝑥 (𝜅𝑔(𝑏 + ℎ 2 )) = -𝜅𝑔𝜇 ( 𝑢 2 ||𝑢 2 || ) (8) 
This corresponds to equations ( 13) and ( 14) implemented in SHALTOP (section 2.2) when substituting 𝜅𝑔 for gravitational acceleration 𝑔 with the simplifications 𝑐 = 1, 𝑠 = 0, 𝐻 = 0 in SHALTOP (see next section). When the friction between the fluid layer and the avalanche is neglected, then, the only effect the water plays is a role in the acceleration terms (divide equation ( 8) by 𝜅).

The SHALTOP numerical model

The code SHALTOP solves the depth-averaged equations for dry granular flows on a complex 2D topography 𝑏(𝑥, 𝑦) (Bouchut et al., 2003;Bouchut andWestdickenberg, 2004, 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 shallow approximation (e.g. Mangeney-Castelnau et al., 2005;Mangeney et al., 2007a;Favreau et al., 2010;Moretti et al., 2012Moretti et al., , 2015Moretti et al., , 2020;;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:

𝐻 = ( 𝜕 2 𝑏 𝜕𝑥 2 𝜕 2 𝑏 𝜕𝑥𝜕𝑦 𝜕 2 𝑏 𝜕𝑥𝜕𝑦 𝜕 2 𝑏 𝜕𝑦 2 ) (9)
where 𝑏(𝑥, 𝑦) defines the topography and 𝑥, 𝑦 the horizontal coordinates. The normal to the topography at each point is calculated though a 3-D unit upward normal vector:

𝑛 ⃗ = ( -𝜵 𝒙 𝑏 √1 + ||𝛻 𝑥 𝑏|| 2 , 1 √1 + ||𝛻 𝑥 𝑏|| 2 ) = (-𝒔, 𝑐) ∈ 𝑅 2 × 𝑅 (10) 
where 𝒙 = (𝑥, 𝑦) ∈ 𝑅 2 , the scalar 𝑐 = cos (𝜃) is the cosine of the angle between the vertical direction and the normal 𝑛 ⃗ . In our notation, the 3-D vectors are denoted by . , whereas the 2-D vectors are written in bold. The flow is described by:

ℎ(𝑡, 𝒙) ≥ 0, 𝒖(𝑡, 𝒙) ∈ 𝑅 2 (11)
where ℎ is the thickness of the avalanche in the direction normal to the topography and 𝒖 = (𝑢 𝑑 , 𝑢 𝑡 ) (.d for downslope and .t for transverse) is a parametrization of the velocity. This parametrization has been defined in order to simplify the equations with topography. The real 3-D material velocity has horizontal/vertical components:

𝑢 ⃗ = (𝑐𝒖, 𝒔 ⋅ 𝒖) (12) 
When the topography only depends on 𝑦 (𝑏(𝑥, 𝑦) = 𝑏(𝑥)), the velocity norm is simply ‖𝑢 ⃗ ‖ = 𝑢. This physical velocity is tangent to the topography, 𝑢 ⃗ . 𝑛 ⃗ = 0, as expected for shallow flows. In the horizontal Cartesian coordinate formulation, the model can be expressed as:

𝜕 𝑡 (ℎ/𝑐) + 𝜵 𝒙 ⋅ (ℎ𝒖) = 0 (13)

𝜕 𝑡 𝒖 + 𝑐𝑢. 𝜵 𝒙 𝒖 + 1 𝑐 (𝐼𝑑 -𝒔𝒔 𝒕 )𝜵 𝒙 (𝑔(ℎ𝑐 + 𝑏)) = -1 𝑐 (𝒖 𝒕 𝐻𝒖)𝑠 + 1 𝑐 (𝒔 𝒕 𝐻𝒖)𝒖 - 𝑔𝜇𝑐𝒖 √𝑐 2 ∥ 𝒖 ∥ 2 + (𝒔 ⋅ 𝒖) 2 ) (1 + 𝒖 𝒕 𝐻𝒖 𝑔𝑐 ) + ( 14 
)
where 𝛻 𝑥 is the gradient vector in the horizontal (𝑥, 𝑦) plane and 𝑔 the acceleration due to gravity. 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). This model does not take into account the water to simulate the avalanches but 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 equation ( 8) of the simplified HySEA equations in section 2.1). Note that in SHALTOP, 𝜅 is taken to be equal to equation (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.

Friction law

In their seminal work, Savage and 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 ℎ 𝑠𝑡𝑜𝑝 (𝜃) (15) 
where u and h are the mean velocity and thickness of the flow, 𝐹𝑟 is the Froude number, ℎ 𝑠𝑡𝑜𝑝 (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 and Forterre (2002) extended this law based on experimental measurement of the thickness ℎ 𝑠𝑡𝑜𝑝 (𝜃) and of the angle 𝜃 𝑠𝑡𝑎𝑟𝑡 (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 𝛿 1 , 𝛿 2 and 𝛿 3 , the constant 𝛽 and a fitting parameter 𝐿 that is of the same order of magnitude as the grain diameter. The angle 𝛿 3 corresponds to the asymptote of the curve 𝜃 𝑠𝑡𝑎𝑟𝑡 (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) = { 𝜇 1 + 𝜇 2 -𝜇 1 1 + ℎ𝛽 𝐿𝐹𝑟 , ( 𝐹𝑟 𝛽 )  (𝜇 1 + 𝜇 2 -𝜇 1 1 + ℎ 𝐿 -𝜇 3 - 𝜇 2 -𝜇 1 1 + ℎ 𝐿 ) + 𝜇 3 + 𝜇 2 -𝜇 1 1 + ℎ 𝐿 , 𝑚𝑖𝑛 (𝜇 3 + 𝜇 2 -𝜇 1 1 + ℎ 𝐿 , |𝑡𝑎𝑛𝜁𝒊 -𝛻ℎ|) , 𝐹𝑟 ≥ 𝛽, 0 < 𝐹𝑟 < 𝛽, 𝐹𝑟 = 0, (16) 
where 𝜇 1 = 𝑡𝑎𝑛 𝛿 1 , 𝜇 2 = 𝑡𝑎𝑛 𝛿 2 , 𝜇 3 = 𝑡𝑎𝑛 𝛿 3 and 𝐢 is the unit vector in the 𝑥-direction. 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  as soon as  < 10 -2 (Pouliquen and Forterre, 2002;Mangeney et al., 2007a). As in these studies, we choose  = 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., 2017Edwards et al., , 2019;;Russell et al., 2019) or self-channeling flows and levee formation (Mangeney et al., 2007a;Rocha et al., 2019) but the behavior of granular material in the intermediate regime is still largely unknown.

In this study we use the Pouliquen and Forterre (2002) friction law in HySEA and SHALTOP to simulate sub-aerial, immersed and dry entering water granular flows observed at the lab scale (section 4) and field scale (section 5). Note that 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. [START_REF] Ionescu | Viscoplastic modeling of granular column collapse with pressure-dependent rheology[END_REF], Martin et al., 2017, Lusso et al., 2027, Fernandez-Nieto et al., 2018).

Experimental 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., 2018). 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., 2018) To quantify the error in HySEA simulations of granular flows with independently measured friction coefficients (i.e. without calibration), we process a series of lab-experiments on granular masses released on sloping to horizontal beds performed by Sylvain Viroulet (partially published and unpublished). 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 (sub-aerial, immersed, and dry flow entering water), and grain diameters.

These experiments represent extreme conditions for the models because (i) the shallow 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 as maximal, making it possible to clearly highlight the limits of such models. Quantification of this error is essential for analyzing 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.

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 =2500 kg m -3 that is initially released on the slope (Figure 1) (the set-up is similar to the one described in [START_REF] Viroulet | Tsunami generated by a granular collapse down a rough inclined plane[END_REF] where details can be found). 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 (Figure 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 (Figure 1). This gate was opened vertically using a system of mass and pulley. The velocity of the gate removal was 1.2m/s, lasting about 0.11 s for a granular flow duration of 1.3 s to 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 m, 0.15 m 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  recorded by several wave gauges. Table 1 summarizes the main characteristics of these experiments. 

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 (Figures 2 and3a-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 (Figure 3) as was also observed in granular collapse experiments on inclined planes (see e.g. Figures 6a and6c 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 (Figure 2c). The granular flow is relatively thin on the slope (2 to 3 cm). After reaching the bottom, the flow slows down (Figure 2c) and stops at about 40 cm from the gate (Figure 2d and 3a), leaving a thicker deposit at the slope break (4 cm) than at the front and rear (Figure 2d).

In the immersed case (Figure 2e), the flow is slower and thicker (around 5 cm) because of strong interactions with water (Figure 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 (Figure 2g) because of dilatation effects (section 3.3). After reaching the bottom, the granular flow stops at about 45 cm from the gate (Figures 2h and3b). The time series of the granular profiles (Figure 3) show that the flow is faster on the slope in dry conditions than in the immersed case because of 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. Randon et al., 2011;Pailha and Pouliquen, 2009;Bouchut et al., 2016Bouchut et al., , 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 (Figure 2i), the front is strongly decelerated and rounder as the mass enters the water (Figure 2j) but it then accelerates sufficiently to become similar to the fully immersed case (Figure 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 to 5 cm) and the flow surface has a complex shape (Figure 2k). When the flow reaches the bottom, the flow decelerates more rapidly than in the immersed case and stops about 35 cm from the gate, leaving a significant part of the deposit upslope (Figure 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 (see e.g. Bouchut et al., 2016). The shorter runout 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. 2k). 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 (Appendix Figure 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 runout 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° (see Figure 6a and Appendix Figure A2). The variation of the slope angle (within this range) does not greatly affect the runout 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 runout distance is the largest in the immersed case, then in the dry case, while the shortest runout is observed in the dry mass entering water case.

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 dilatation and compaction (e.g. Roux and Radjai, 1997;Rondon et al., 2011;Pailha and Pouliquen, 2009;Bouchut et al., 2016Bouchut et al., , 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. Figure 4 shows the time evolution of the dilatation/compaction of the mass for 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% at 35° and 35% at 45° at 0.7 s and 0.5 s, 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 Figure 6) where a maximum dilatation of 10% 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% 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. Then, the mass slows down on the horizontal plane leading to deposits relatively compact (a maximum of 10% dilatation compared to the initial released mass). For the dry granular collapse entering water, two dilatation peaks are observed for both 35° and 45° slopes. Just after the initial release, the material dilates as in the dry configuration but compacts again, probably due to the impact with water. Then the flow dilates again as in the immersed configuration. However, the maximum dilatation is much lower than in the fully immersed case, reaching a maximum of 25%, quite similar for the two slope angles. It finally compacts with a characteristic time slightly longer than in the dry case. As in the dry configuration, at the end of the experiment, the material recovers its initial compaction.

Observed water wave

During the collapse in the immersed case, a wave is generated at the free surface (Figure 2f-g and Figure 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 (Figure 2j,k). The amplitude of the generated wave increases with the slope angle as shown for example on gauge 1 (Figures 5 andA4). During the experiment of a fully immersed collapse at a 35 ∘ slope angle, the maximum positive amplitude recorded at the first gauge is 0.32 cm, corresponding to the first wave (Figure 5a). The maximum negative amplitude recorded at the same position is 0.65 and 0.88 cm at 35° and 45°, respectively, also corresponding to the first wave (Figures 5 and appendix Figure A4). For an initially dry granular material impacting water at a 35° slope angle, the maximum wave amplitude recorded during the experiment is 1.53 cm (Figure 5c) and 2.1 cm on a 45 ∘ slope angle configuration (Appendix Figure A4c). At gauge 1 and 45° for the fully immersed case, the wave maximum amplitude in the experiment is 0.65 cm (Figure A4a), reached by the second wave while the maximum is reached by the first wave at 35° (Figure 5a). At gauge 2, the maximum wave height is reached by the second wave for both 35° and 45°. For the dry granular collapse impacting water, the maximum wave amplitude in the experiments is 2.14 cm, corresponding to the first wave (Figure A4c). At the two gauges and two slope angles, the maximum is reached by the first wave for the dry flow entering water case. 

Simulation of laboratory experiments 4.1 Simulation of granular flows

Numerical simulations have been performed with the HySEA and SHALTOP codes using the friction law of Pouliquen and Forterre (2002) (equation ( 16)). The first simulations were obtained by simply adapting the rheological parameters measured by Pouliquen and 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, [START_REF] Viroulet | Tsunami generated by a granular collapse down a rough inclined plane[END_REF] only measured the avalanche angle 3. To calculate 1 and 2, we impose the same difference between the friction angles as in Pouliquen and Forterre (2002) 𝛿 3 -𝛿 1 = 1.2° and 𝛿 2 -𝛿 1 = 9.7°. We thus take 𝜇 1 = 0.406 (𝛿 1 = 22.1 ∘ ), 𝜇 2 = 0.620 (𝛿 2 = 31.8 ∘ ), 𝜇 3 = 0.430 (𝛿 3 = 23.3 ∘ ) for d=4 mm and 𝜇 1 = 0.456 (𝛿 1 = 24.5 ∘ ), 𝜇 2 = 0.680 (𝛿 2 = 34.2 ∘ ), 𝜇 3 = 0.481 (𝛿 3 = 25.7 ∘ ) for d=1.5 mm (see Table 1). Note that the uncertainty of the avalanche angles is about 1° in [START_REF] Viroulet | Tsunami generated by a granular collapse down a rough inclined plane[END_REF]. We also set 𝛽 = 0.136 as in Pouliquen & Forterre (2002).

One of the objectives of comparing HySEA and SHALTOP (Figures 6 and7) is to quantify the error in HySEA simulations due to the shallow 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 1 in HySEA in order to artificially compensate for these errors (full green lines in Figures 6 and7). Indeed, as we impose 𝛿 3 -𝛿 1 , 𝛿 2 -𝛿 1 , 𝛽 and L, the only fitting parameter of the friction law is 1.

Error quantification from comparison between models and experiments is trickier since the gate opening [START_REF] Ionescu | Viscoplastic modeling of granular column collapse with pressure-dependent rheology[END_REF] These processes substantially affect the granular flow and the generated waves, inducing an error expected to be about 15-20% in the front velocity and deposit. Furthermore, there is some uncertainty on the initial shape of the released mass (e.g. Figures 2 and3) 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%).

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 (Figure 6b). Such overestimation of the flow velocity in shallow 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 and neglect wall effects that would reduce the spreading velocity. 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) (Figure 6b). When the front of the material reaches the bottom of the tank, the material slows down in a way similar to the experiments (Figure 6c). The thickness of the granular layer along the slope in the experiments is greater, partly because of strong dilatation effects at 0.4s, as detailed in section 3.3, not taken into account in the models. SHALTOP gives a more accurate representation of the experimental deposit with a difference in the runout distance within the range of the experimental error compared to an overestimation of the runout of about 10 cm with HYSEA (Figure 6d). The tail of the deposits is also closer to the tail in the experiment, with a 1 cm difference with SHALTOP and 1.5 cm difference with HYSEA. The global shape of the deposit is very 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 et al. (2021, their Figure 6a).

For the fully immersed case, the granular material in HYSEA also flows faster than in SHALTOP (Figure 6f,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 runout distance in the experiment is longer (by 7 cm) than the distance obtained by SHALTOP, probably because of dilatancy effects (see discussion section 3.3), and shorter (by 7 cm) than the distance obtained by HySEA (Figure 6h). SHALTOP reproduces very well the emplacement and shape of the tail of the deposit. This is also the case for HySEA, with a higher error but still less than 4 cm at the rear. 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 (Figure 6j,k). HySEA is again faster than SHALTOP, with greater differences than in the immersed case (compare Figures 6g and6k). This could result from the fact that in SHALTOP, 𝜅 = 1 -𝜌 1 /𝜌 2 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. This could also be related to the difficulty in numerical treatment of the dry flow entering water case. The deposit obtained with SHALTOP is much closer to the experiment than the one from HYSEA, with the overall shape in good agreement with the observed shape (Figure 6l). The runout distance in SHALTOP is slightly longer (by 2 cm) than in the experiment (Figure 6l), while HYSEA overestimates the runout by more than 20 cm, consequently significantly shifting the global deposit emplacement (Figure 6l).

Similar results are obtained for the 45 ∘ slope angle simulations (Figure 7). 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 runout distance. Note that the shallow models well reproduce the change in the curvature of the mass shape as it encounters the change of slope (e.g. Figure 7c). Interestingly, SHALTOP captures relatively well the deposit shape and runout 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. To empirically reduce the overestimation of the spreading velocity due to poor handling of topography effects (horizontal/vertical shallow approximation), we quantified the increase in the friction angle required in HySEA to obtain results closer to the 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 solid green lines in Figures 6 and7 show the simulations obtained with the values of 1 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 1 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 (see Mangeney-Castelnau et al., 2003, their Figure 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 δ 2 that has a dominant impact at low velocities (see Mangeney-Castelnau et al., 2003, their figure 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 generally 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 (see Appendix Figure A5).

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 (Figure 8 and Appendix Figure A6). 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 (see e.g. Garres-Diaz et al., 2021, Zhang et al., 2021a), but this is outside the scope of this paper. 

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 ∘ (Appendix Figure A7). 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.

Simulation of water waves

The simulations and experimental results are compared at two gauges located at 45 cm 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 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.

Influence of water-avalanche and water-bottom friction

As we wanted to calibrate HySEA using SHALTOP 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 (see e.g. Macias et al. 2021b, Gonzalez-Vida et al., 2019). Figures 9 and 10 show the influence of these 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 Figure 9 for the wave). Its effect is still very 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 (Figure 10). As 𝑚 𝑓 increases, it decreases the wave amplitude in the immersed cases (Figures 10a,b) and increases it in the dry flow entering water cases (Figures 10c,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% 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 runout 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).

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 (Figure 5). Moreover, depending on which wave is taken into account to define the maximum amplitude, the error compared to the experiments can vary from a 25% to 100%. Overall, hydrostatic simulations strongly overestimate the first wave and underestimate the following troughs and waves, as is well known in the literature (e.g. 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%.

As an example, for the immersed case at 35°, the amplitudes of the first wave are 0.7 cm and 0.28 cm for the hydrostatic and non-hydrostatic simulation, respectively (Figure 5a), and the maximum trough amplitudes recorded are 0.26 cm and 0.57 cm. The hydrostatic simulation overestimates waves by up to 100% for the maximum amplitude and the trough is underestimated by more than 100%. The nonhydrostatic 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%. The same behavior is obtained on a 45° slope (Appendix Figure A4).

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 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 very small wavelengths are generated (see Figures 7f-h andj-k and Figure 8f-h andj-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.

In consequence, 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). During the last 130 Ma years, three flank collapses reshaped the western part of the Montagne Pelée volcano (Figure 11a). These three events removed several km 3 of material, producing horseshoeshaped structures and generating DADs (Debris Avalanche Deposits) that flowed into the Caribbean Sea with volumes estimated from 1.8 km 3 for the last event occurring at 36 ka BP (DAD3) to 25 km 3 for the oldest event (Le Friant et al., 2003a;Boudon et al., 2007;Le Friant et al., 2015, 2019[START_REF] Brunet | Composition, geometry, and emplacement dynamics of a large volcanic island landslide offshore Martinique: From volcano flank-collapse to seafloor sediment failure?[END_REF], Solaro et al., 2020). IODP expedition 340 was able, for the first time, to drill through the large landslide deposits offshore Lesser Antilles volcanoes (Le Friant et al., 2013Friant et al., , 2015Friant et al., , 2019)). 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 and voluminous failures of pre-existing low topographic gradient seafloor sediments. In Figure 11a, 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 flankcollapse events [START_REF] Brunet | Composition, geometry, and emplacement dynamics of a large volcanic island landslide offshore Martinique: From volcano flank-collapse to seafloor sediment failure?[END_REF]Le Friant et al., 2015, 2019). The dynamics of these debris avalanches and their deposits remain unclear because of the lack of in-situ observations and real time monitoring. Brunet et al. (2017) simulated the emplacement of DAD3 using SHALTOP and hydrostatic HySEA models and tested different empirical friction laws. Their results suggest that large flank collapses (about 20 km 3 ) probably occurred in several events with successive volumes smaller than 5 km 3 entering the sea, but several parameters were not taken into account such as the presence of an erodible bed, the precise reconstruction of the topography, and the variation of the friction angle with collapsed volumes.

Montagne Pelée is monitored by the Martinique Volcanological and Seismological Observatory (OVSM-IPGP). The last magmatic eruption produced a large lava dome that was emplaced between 1929 and 1932 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 meters below the rim. The activity of Montagne Pelée volcano decreased significantly after the end of the last eruption in 1932 (Figure 11b).

Fumarole activity has stopped since 1970. However, since April 2019, volcanic seismic activity has been increasing. It is characterized essentially by superficial volcano-tectonic earthquakes located less than 5 km below the summit as well by a few scattered deep volcano-tectonic earthquakes (about 15 km deep) under Montagne Pelée. In November 2020, the OVSM-IPGP recorded a new marked increase in the seismicity and the appearance of long-period earthquakes and volcanic tremors, attesting to the circulation of pressurized fluids in fractures (OVSM-IPGP reports, https://www.ipgp.fr/fr/ovsm/observatoire-volcanologique-sismologique-de-martinique-ovsm-ipgp). Since November 2020, seismicity has continued, sometimes with heightened periods such as in April 2021. Continued observation at the end of December 2020 of a zone of degraded vegetation on the south-eastern flank of Mount Pelée has suggested that diffuse CO2 of magmatic origin may be degassing (OVSM-IPGP reports). 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, the past flank-collapse history of Montagne Pelée, i.e. 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, its active hydrothermal system and the location of the current seismic volcanic activity, could favor instability, as observed on other volcanoes (Harnett et al., 2019). We are concerned by the inherent mechanical instability of the 1929 lava dome and its consequences. Instability could be enhanced by different forcing processes such as magma or hydrothermal pressurization, intense volcanic seismicity, and strong local or regional seismicity, as well as extreme rainfall. Such failure could depressurize the magmato-hydrothermal system, trigger laterally-directed explosions (blasts) and generate the emplacement of potentially tsunamigenic debris avalanches. These hazards and associated phenomena represent major risks to the population and infrastructures. 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 runout 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. (Figure 11b). 

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 2016, 2017). To reconstruct preand 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) (Le Friant et al., 2003). 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 km 3 to 16.2 km 3 (Figure 12a). Note that in this study, the reconstruction of the first event result in an estimated volume of 16.2 km 3 for the largest event, which is a bit smaller than the estimation of Le Friant et al. (2003). 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 km 3 , b) 16.2 km 3 , c) 1.8 km 3 subdivided into three successive sub-events of 0.6 km 3 , and d) 16.2 km 3 subdivided into three successive sub-events of 6.9 km 3 , 5.9 km 3 and 3.7 km 3 , 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 volcanotectonic 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 (Figure 11b). We consider two scenarios. The first scenario concerns the 1929-1932 lava dome (1929 Dome scenario) with an estimated volume of 5710 6 m 3 . The second scenario concerns the collapse of part of the dome slope (Dome slope scenario, estimated volume 9.810 6 m 3 ), (Figures 11b,12c,d). We use a 30 m resolution DTM provided by IGN, the Litto3D data (IGN-SHOM) and the HOMONIM DTM provided by SHOM to reconstruct the topography and the bathymetry and perform numerical simulation. 

Sensitivity tests on volumes, number of events and erodible substratum

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., 2014) 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., 2018). 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 law (Lucas et al.,2014):

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 km 3 volume collapse of Montagne Pelée with geological constraints. For the 1.8 km 3 , Lucas's empirical law suggests that  = 11°. However, Brunet et al. (2017) show that the deposits are best reproduced using  = 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  to fit the result of Brunet et al., (2017):

tan (𝛿) = 𝛼𝑉 -0.0774 with α =0.54. ( 18 
)
We then deduced the  angles for each volume reported in Table 2. Given that Brunet et al. (2017) reproduced the 1.8 km 3 collapse of Montagne Pelée with  = 6° for the Coulomb friction law and with 𝛿 1 = 2 ∘ , 𝛿 2 = 12 ∘ and 𝛿 3 = 4 ∘ for the Pouliquen and Forterre friction law, we calculate 𝛿 1 from equation ( 18) by imposing :

𝛿 1 = 𝛿 -4° (19) 
and calculate 𝛿 2 and 𝛿 3 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. To compare HySEA and SHALTOP for the 1.8 km 3 flank collapse, we use the following angles: 𝛿 1 = 2 ∘ , 𝛿 2 = 12 ∘ and 𝛿 3 = 4 ∘ , and we first set to zero the friction between the water and granular layer and the Manning coefficient in HySEA (Figure 13a,b). SHALTOP gives a more accurate representation of the deposit while the runout distance using HySEA is longer. As seen from the experiment, when the slope is lesser than 15-20°, (here the average slope is about 7.6°, Figure 12b), we do not have to fit the friction angle in HySEA to get closer to the deposit obtained with SHALTOP.

Single slide events

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 lab-scale study showed that it poorly affects the water wave and even less the granular flow (Figure 9). We test different values of the drag coefficient mf = 1×10 -5 , 1.5 ×10 -5 , 2×10 -5 m -1 (Figure 13c,d,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 lab-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 runout distance similar to the one obtained with SHALTOP (33.4 km) and with a deposit morphology that is slightly modified locally and larger with HySEA (343.4 km 2 with HySEA, but with very small deposit thicknesses on the steep submarine slopes, and 184.2 km 2 with SHALTOP) (Figure 13d). We then compare the flow dynamics between SHALTOP (𝛿 1 = 2 ∘ , 𝛿 2 = 12 ∘ and 𝛿 3 = 4 ∘ ) and HySEA ( 𝛿 1 = 2 ∘ , 𝛿 2 = 12 ∘ and 𝛿 3 = 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 (Figure 14a). 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 runout distance, reached after 300s, is 33.4 km from the coastline (Figure 14c). When the front stops, some material is still moving at the back of the front. This material then accumulates in the front and center of the deposits and a tail develops behind the main mass at between 300s and 600s (Figure 14c,d). As expected, the results are similar even though the flow simulated with SHALTOP is slightly faster (Figures 14a-h). The maximum thickness of material reaches 29.3 m and 28.3 m for SHALTOP and HySEA respectively, which is coherent with observations from Le Friant et al. (2003). Comparison between SHALTOP and HySEA confirms that HySEA can be used as it gives a good runout 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 (Figure 14e-h). We use HySEA in the following section. To investigate additional scenarios other than the 1.8 km 3 event, we use HySEA to calculate the runout distances for 7 volumes (ranging from small flank collapse volumes to the largest volume reconstructed on Montagne Pelée volcano): V = 10 × 10 6 m 3 , 𝑉 = 50 × 10 6 m 3 , 𝑉 = 0.6 km 3 , 𝑉 = 1.2 km 3 , 𝑉 = 6.9 km 3 , 𝑉 = 12.8 km 3 , 𝑉 = 16.2 km 3 , (Figure 15). The debris avalanche related to the smallest event (10 × 10 6 m 3 ) does not reach the sea. The debris avalanche associated with the 50 × 10 6 m 3 enters the sea and propagates over a distance of 2 km after the coastline. The 0.6 km 3 event deposit stopped at 21.4 km after the coastline. The dynamics of the 6.9 km 3 event are similar to those of the 16.2 km 3 event presented afterwards but with a smaller runout distance of 33.3 km after the coastline and covering an area of 522.4 km 2 . Finally, a maximum runout distance of 41.3 km after the coastline is obtained for a flank collapse of 12.8 km 3 . Regarding the flow dynamics of the debris avalanche associated with the largest volume (16.2 km 3 ), most of the material of the slide flows rapidly downslope to the southwest in the horseshoe structure and then to the coastline and offshore (Figures 16a andb). The avalanche continues to flow, creating one main location of deposition (purple arrow in Figure 16d) located at the front of the flow. A part of the material stays within the structure. The debris avalanche reaches a maximum runout 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 Figure 11a), related to the debris-avalanche deposits associated with the event, is located 35 km from the coastline. 

One slide event versus three sub-slide events

To test the effect of a flank-collapse occurring in successive retrogressive sub-events as suggested by Brunet et al. (2017), the 1.8 km 3 and 16.2 km 3 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 km 3 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, Figure 17shows: i/ a yellow dashed line delimiting the extent of the deposit resulting from the first sub-event simulation (0.6 km 3 ) with a runout 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 sub-event simulation (0.6 km 3 ) with a runout distance of 22.5 km from the coastline after 3000 s, iii/ a colored area representing the deposit resulting from the third sub-event of 0.6 km 3 after 250 s. Figures 17a andb show that the third debris avalanche spreads above the previous deposit forming an erosion/deposition wave as observed for lab-scale dry granular flow experiments and simulations (Pouliquen & Forterre, 2002;Mangeney et al., 2007b;Edwards et al., 2017;[START_REF] Viroulet | Shedding dynamics and mass exchange by dry granular waves flowing over erodible beds[END_REF] and for field-scale simulations (see e.g. Figure 2d of Moretti et al., 2012).

The wave propagates beyond the front of the previous deposit, increasing the runout distance (23.5 km from the coastline) (Figures 17a,c,e). For the non-erodible substratum situation, the dynamics are different and no erosion/deposition waves are observed for the second or third sub-events. The material just accumulates on the top of the thickest part (Figures 17 b,d,f) and the runout distances are smaller.

In both cases (erodible or non-erodible), the final runout distance for the 1.8 km 3 flank-collapse occurring in three smaller sub-events is shorter than the observed deposit (blue line in Figures 17e,f, and Table 2) suggesting that this event occurred in one single event (Figures 18a,b). We then investigate, for the erodible case, the effect of successive sub-events for the maximum volume of 16.2 km 3 that we divided into three volumes (6.9 km 3 , 5.9 km 3 , 3.7 km 3 ). When considering one single event, the maximum thickness of material is located at the front of the deposit (53.3 m) and the final runout distance is longer (44.4 km) (Figure 18c). The final runout distance is smaller for three successive sub-events (35.4 km versus 44.4 km) (Figure 18d). The three successive sub-events lead to a maximum thickness of deposit located near the front (69.9 m). The dynamics are similar for the successive sub-events 2 and 3 with the material spreading across the previous deposits, not really increasing the runout distance. The best fit between the observations of the bulge and the results of the numerical simulations is obtained for three successive sub-events.

These results tend to support the hypothesis, for the 16.2 km 3 scenario, of a large event that occurred in smaller sub-events at Montagne Pelée. Therefore, the 6.9 km 3 seems to be a maximum volume for any sub-event, but it is possible that the 16.2 km 3 flank collapse is composed of more than three even smaller sub-events. 2017). Final deposit of the 16.2 km 3 collapse scenario occurring in (c) one event or (d) three successive sub-events (6.9 km 3 , 5.9 km 3 and 3.7 km 3 , with erodible deposits). Blue contour lines represent the observed bulge limits indicating the maximum runout distance of the 16.2 km 3 flank collapse events at Montagne Pelée (Brunet et al., 2017).

Generated Waves

The tsunami waves generated by flank-collapses of Montagne Pelée volcano have been simulated numerically for different volumes. It is crucial to keep in mind that the waves are overestimated given that the collapse occurred in one event and not as a flux of material entering the sea over a length of time as was observed for instance at Montserrat Island for the 2003 dome collapse (Herd et al., 2005). These numerical simulations give an order of magnitude of the sea surface elevation generated by collapses with different volumes but we do not provide any constraints on the coastal flooding extension (height and velocities) since a higher resolution numerical grid would have been needed to address this problem.

In this section, we simulate the wave generation and propagation with the hydrostatic and nonhydrostatic versions of the HySEA model for the five different flank collapse scenarios involving volumes of 50 × 10 6 m 3 , 1.8 km 3 , 1.8 km 3 subdivided into three successive sub-events, 16.2 km 3 , and 16.2 km 3 subdivided into three successive sub-events. 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 nonhydrostatic model.

First, the time series at three numerical gauges (see positions in Figure 11a) of sea surface elevations generated by the 1.8 km 3 volume occurring as a single event are shown in Figure 19a. 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 (Figure 19a) 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/35.9m is estimated at the red gauge. Using the hydrostatic model, the first wave is 32% higher at gauge 1, 42% higher at gauge 2 and 57% 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 (Figure 19b,c), as observed in the lab-scale study (section 4). Then, waves generated by three successive flank collapses of 0.6 km 3 were simulated numerically. The first sub-event generated a wave of 55 m/28.9 m on the first gauge (blue), 14.5 m/7.4m on the second gauge (red) and 4.6 m/3m on the third gauge (green) (Figure 20a). The second sub-event resulted in larger waves with 49 m/33.7 m for the first wave on the blue gauge, 21.5 m/7.5 m for the red gauge, and 8.3 m/3.5m for the green gauge (Figure 20a). For the last 0.6 km 3 sub-event, the three gauges suggest waves of amplitude similar to that of the second sub-event with respectively 41.3 m/29.4 m for the blue gauge, 23.5 m/8 m for the red gauge and 8 m/3.6 m for the green gauge (Figure 20a). 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 sub-event generates a stronger wave than on a rigid substratum. The wave also displays a slightly different waveform as for instance on gauge 2 in Figure A8.

Figure 20b shows the maximum water elevation at the three gauges for the 50 × 10 6 m 3 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 (Figure 20b). The amplitude of the first wave significantly decreases during its propagation to reach only 1m/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 (Figure 20b).

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 Figure 21 for volumes varying from 50 × 10 6 m 3 to 16.2 km 3 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  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 (Figure A9) that for the shortest waves ( = 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  > 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  > 6.8 km. For intermediate (15 km) and long wavelengths (30 km), the hydrostatic assumption is valid for wave propagation at depths below 850 m and 1700 m respectively. 

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10 6 m 3 called the '1929 Dome scenario' and the collapse of part of the steep talus pile of the 1929 dome with a volume of 1010 6 m 3 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 runout distances for the deposits as displayed in Figure 22a,b for simulations with 𝛿 1 = 3.7 ∘ , 𝛿 2 = 13.7 ∘ , 𝛿 3 = 5.7 ° and 𝛿 1 = 4.7 ∘ , 𝛿 2 = 14.7 ∘ , 𝛿 3 = 6.7 ∘ , respectively. In both cases (Figure 22a,b), the main part of the modeled debris avalanche flows southwest toward 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., 2003). A discontinuity (4 in Figure 22) is formed by a cliff facing northwest on the left bank of Rivière Sèche. The rim (2 in Figure 22a) of the structure is a continuous cliff, facing southeast on the right bank of Rivière Claire. For the 5710 6 m 3 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 km 2 for the 1929 Dome scenario and 4 km 2 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. [START_REF] Peruzzetto | Simplified simulation of rock avalanches and subsequent debris flows with a single thin-layer model. Application to the Prêcheur river (Martinique, Lesser Antilles)[END_REF]. 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 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. Figure 23 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 (Figure 23). At 150 s 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. Figures 24a,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 (Figure 24b). 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 (Figures 24c,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 elevationbottom 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. 

Conclusion

In this study, we have quantified the error of the HySEA shallow model in simulations of dry, immersed and dry entering water granular flows and associated tsunami waves. This was done by comparing HySEA results to laboratory experiments and to the SHALTOP shallow 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 2-3 times the characteristic dimension of the slide. The error in water waves ranges from 1% to 25% 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 km 3 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 runout 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 lab-scale, completely changing the water waves. On the other hand, it seems less important for the field applications chosen here, although non-hydrostatic effects still change the amplitude of the first wave significantly as well as, to a lesser extent, the following wave trains. We have demonstrated the limits of the models, in particular for short wavelengths waves (<1 km) for which the hydrostatic assumption is only valid within a narrow band close to the coastline (depth < 50 m) and the nonhydrostatic assumption only valid where ocean depth is less than 400 m. Sensitivity tests performed on Montagne Pelée provided a range of runout distances and maximum sea surface elevations for various volumes from a small collapse volume of 1010 6 m 3 to the largest collapse volumes of 16.2 km 3 .

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;2020-2021) that could favor gravitational instabilities. Future work should focus on a more realistic a simulation of the flooding, that is, the propagation of the tsunami wave inland, which was not done here.

III.3. Insight into wave generation

Let us now focus on the results from gauge 0 (Figure III.3.1) placed in the simulations just after the slope break for the 35° slope angle cases to understand how the wave is formed and the relation with the flowing granular mass. To ease the reading, we will refer to right and left when speaking of the propagation of the waves and avalanche front. The right side corresponds to a propagation towards the slope break whereas the left corresponds to a propagation going from the slope to the end of the tank. We first consider the initially dry collapse impacting water. When the mass is entering water, it generates a wave (wave 1) which propagates to the left (Figure III.3.2a). Zooming on this wave at 0.06s, it is placed directly on top of the avalanche and the simulation suggests that the morphology of the avalanche has an impact on the morphology of the wave (Figure III.3.2a). Gauge 0 detects the first wave at 0.27 s, at this time the wave is no more directly on top of the avalanche as it propagates quicker; however, the avalanche has reached the slope break and the resulting change of the shape of the avalanche front seems to induce a change of shape of the water free surface located directly on top of it (wave 2) (Figure III.3.2c). This second link can be seen at 0.32 s (Figure III.3.2d) where a small depression is formed after wave 1. Wave 2 (which is a depression) is propagating to the left. It seems here that the wave dynamics is strongly linked to the avalanche shape (particularly to the front shape). At 0.95 s, the arrival of the material creates a front at the back of the deposits going to the right creating a small wave (wave 3) (Figure III.3.2f and g) which is detected by the gauge. Therefore, the course of the wave generation is as follow. Firstly, the mass is flowing to the water, when impacting water, a wave is generated (wave 1). Wave 1 propagates from the slope in the same direction as the avalanche. The mass of the avalanche continues to flow down the slope and "push the water" creating a long-lasting wave following the first generated one. Wave 3 is going to the right and is reflected to the left.

For the immersed experiment, when the granular material begins to flow two waves are generated. One is going to the left and another is going to the right (wave 1 and 2) (Figure III.3.3a and b). Here again, at 0.06 s the change in tilt of the avalanche seems to have an impact on the front shape of the wave. The flowing of the granular material seems to be constantly "pushing" the water creating a wave that echoes the shape of the front of the avalanche as it can be seen at 0.16 s (Figure III.3.3c). A third distinct wave (wave 3) is created at 0.16 s when a change in the tilt of the avalanche front is seen (Figure III.3.3c), this wave is then detected by the gauge at 0.42 s (Figure III.3.3g). This wave is creating a little plateau when we were expecting the water level to continue to drop as the granular flow is creating a depression. The grey line on the Figure III.3.3j is a possible interpretation of this plateau, the water free surface is still leveling after the detection of the first wave when wave 3 is arriving at the gauge, creating a delay in the leveling of the water. After these two waves the displacement of the granular flow is still creating a depression making the water level drop. After most of the mass has reached the deposits, the water leveled and a last wave is detected by the gauge. This last wave is wave 2': wave 2 which has been reflected on the slope (Figure III.3.3h and i). Since May 2018, the Mayotte Island has been undergoing an unprecedented seismic and volcanic activity due to the largest effusive eruption on Earth (since 1783) that led to the formation of a new submarine volcano of ~6.55 km 3 that formed 50 km offshore of Petite Terre, in less than a year (Feuillet et al., 2021;Berthod et al., 2021a,b;Saurel et al., 2021;Lemoine et al., 2021). In 2019, the French government set up the REVOSIMA (Volcanological and Seismological Monitoring Network of Mayotte; https://www.ipgp.fr/fr/revosima) to monitor this ongoing seismo-volcanic crisis under the coordination of the DIRMOM (Interministerial delegation for overseas hazard assessment), with inter-ministerial funding (MI, MESRI, MTES, MOM). The REVOSIMA is funded to: (i) develop scientific knowledge in that area that has been crucially lacking prior to the crisis along with gathering high-resolution, multiparameter datasets for monitoring the evolution of seismo-volcanic activities, (ii) identify and then transmit alerts on the observed seismo-volcanic phenomena to the authorities in charge of the civil protection, (iii) regularly disseminate information to all stakeholders and to the general public, with regards to a constant demand for transparency. The IPGP operates the REVOSIMA through the Volcanological Observatory of Piton de la Fournaise (OVPF), with the support of the BRGM and its regional directorate in Mayotte, in close association with the IFREMER and the CNRS.

The seismic swarms epicenters associated with the Mayotte seismo-volcanic crisis are located at ~10 km and 25 km East of Petite Terre, respectively, for the main and the secondary clusters. Although variations in the number of earthquakes and their distribution have been observed since the start and unrest of the eruption in early July 2018, (Feuillet et al., 2021;Lemoine et al., 2021;Saurel et al., 2021) a continuous seismicity persists, triggering Mw4-up to Mw5-earthquakes widely felt by the population. Since May 10, 2018, 2056 earthquakes with magnitudes higher than 3.5 have been recorded, including 35 with magnitudes higher than 5 (REVOSIMA, bulletin n°37, www.ipgp.fr/revosima). Most of this strong seismic activity occurs in an area where steep and potentially unstable submarine slopes are observed. Hence, submarine gravitational instabilities could be triggered by the ongoing seismo-volcanic activity, for with the potential, catastrophic impact, in terms of tsunamis, has to be quantified with numerical simulations. To preliminary address this hazard, in autumn 2019 we began to perform numerical simulation of landslide generated tsunamis offshore Mayotte in the framework of the REVOSIMA.

Even though state-of-the-art models in this domain have matured to provide the order of magnitude of the waves generated at the source and of their impact on the coasts, key limitations on (i) the definition of scenarios and (ii) the simulation of both the wave generation and impact on the population and infrastructure, still prevent accurate estimates of the related hazards. To investigate the impact of tsunamis generated by submarine landslides offshore Mayotte, we need to use models that take into account the landslide dynamics but also solve Boussinesq-type equations for the tsunami propagation. As the FUNWAVE-TVD is not able to precisely simulated the avalanche We thus combine the HYSEA model (Macías et al., 2017) to describe the submarine avalanche and initiate the waves with the Boussinesq FUNWAVE-TVD model (Shi et al., 2012;Le Roy S., 2017;Rohmer et al., 2017;Abadie et al., 2020) to propagate the wave and compute the flooding on Mayotte's coast. Results are presented in the following article that has been submitted to the Comptes Rendus Geosciences special issue. Those results show that the scenario that represents the greatest threat involves destabilization of the eastern side of Mayotte's lagoon at shallow depth and can generate a sea surface elevation up to 2m. We show that the barrier reef surrounding Mayotte has a prominent role in controlling water wave propagation and in protecting the island. The tsunami travel time to the coast is very short (few minutes) and the tsunami is not necessarily preceded by a sea withdrawal which is important in terms of population warning.

However, it is important to mention that this research work was carried out under specific conditions of crisis management and support for public policies and was included in a broader work that was aimed to respond to the public authorities. We had to respond in a limited amount of time to the questions raised by the authorities and provide clarification on the landslide's tsunamis related risks. The results of this work were integrated and discussed in the REVOSIMA but also regularly presented to the ministries (Research, Interior, Outre-mer, Environment), the prefecture or the Mayotte's population. For these reasons, the work around Mayotte was not carried out under "regular" thesis conditions and some deadlines were imposed by the seismo-volcanic activities and the authorities. Two reports (Appendix A and B) have been sent to DIRMOM and local authorities in 2020. We give here a chronology of some important steps that we had to answer regarding meetings with authorities. We would like to point out that this work was done for the most part in 2020 (during confinement) within the multidisciplinary IPGP-BRGM team and that presentations to authorities were mainly done by senior researchers. 

Résumé (150 mots max)

Since May 2018, Mayotte Island has experienced a seismo-volcanic activity that could trigger submarine landslides and, in turn, tsunamis. To address these hazards, we use HYSEA numerical model to simulate the granular flow dynamics and the Boussinesq FUNWAVE-TVD numerical model to simulate the wave propagation and subsequent inundations. We investigate 8 landslide scenarios (volumes from 11,25x10 6 m 3 to 800x10 6 m 3 ). The scenario that represents the greatest threat involve destabilizations on the eastern side of Mayotte's lagoon at shallow depth and can generate a sea surface elevation up to 2m. We show that the barrier reef surrounding Mayotte has a prominent role in controlling water wave propagation and in protecting the island. The tsunami travel time to the coast is very short (few minutes) and the tsunami is not necessarily preceded by a sea withdrawal. Our simulation results are key elements to establish hazard maps, evacuation plans and to improve earlywarning.
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Introduction

The Comoros archipelago is composed of four volcanic islands (Grande Comore, Mohéli, Ajouan and Mayotte) with volcanic activity recorded from Miocene to Holocene (Daniel et al., 1972). Since May 2018, the island of Mayotte is undergoing an important seismic activity related to the construction of a large new submarine volcano 50 km offshore Petite Terre (Feuillet et al., 2021) whose volume was estimated to be around 5 km 3 . The epicenters of the seismic swarms are located between 5 and 15 km east of Petite Terre for the proximal swarm (Figure 1), and from 25 km to 50 km eastward of Petite Terre for the distal swarm (Lemoine et al., 2020a;Saurel et al., 2021). Perturbations in the water column associated to plumes likely linked to magmatic activity were reported in the new volcano area and in the vicinity of the seismic swarm the closest to Petite Terre (Feuillet et al., 2021, Scalabrin et al., 2021). Although variations in the number of earthquakes and their distribution have been observed since the start of the eruption in early July 2018 (Cesca et al., 2020;Lemoine et al., 2020a;Mercury et al., 2020;Saurel et al., 2021), a continuous seismicity persists and could generate several earthquakes of magnitudes close to M4 widely or even larger felt by the population. Since May 10, 2018, 2056 earthquakes with magnitudes greater than 3.5 have been recorded, including 36 with recorded magnitudes greater than 5 (REVOSIMA bulletin n•37, Août 2021). This strong seismic activity is located near the island of Mayotte and mainly East of Petite Terre where steep submarine slopes are observed (Figure 1). The intense seismo-volcanic crisis that has affected Mayotte since 2018, the location of earthquakes near the steep slopes surrounding the island and the construction of a new volcanic structure (Feuillet et al., 2021) may trigger submarine instabilities offshore Mayotte (and in particular to the East), potentially tsunamigenic that can impact inhabited areas and infrastructures (Figure 1 and Roger et al., 2019). Gravitational instabilities could occur on steep submarines slopes offshore Mayotte but also on the new submarine volcano 50 km offshore Petite Terre as such instabilities are recurrent on volcano edifice (Le Friant et al., 2015;Le Friant et al., 2019 ;Lebas et al., 2018 ;Lipman et al., 1988 ;Moore et al., 1989 ;Paris et al., 2018, Watt et al., 2014). [START_REF] Lemoine | Scénarios d'impact de tsunamis pour Mayotte[END_REF] estimated the impact of 32 potential scenarios of submarine landslides located on the slopes of Mayotte or on the new volcano and made it possible to discriminate among the scenarios considered as the most impacting for Mayotte. The deformation of the sea surface generated by the potential submarine landslides were calculated with the TOPICS software (Tsunami Open and Progressive Initial Condition System; Watts et al., 2003), based on simple empirical relations for the landslide description (Le Roy et al., 2015 ;Poisson and Pedreros., 2010). These relations prescribe the landslide motion by representing it as a rigid block moving along a constant slope. The water free surface displacement is modeled through empirical relationships, that relate the geometric and physical characteristics of the landslide to the initial amplitude and wavelength of the tsunamis at generation. However, Poulain et al., (submitted) suggest that the dynamics of the submarine granular flow may strongly influence the generation and evolution of the associated wave, enhancing the importance of a more physical description of the sliding mass. Some more realistic models describing the granular flow exists. In particular, a significant number of depth-averaged numerical models of tsunamis generated by landslides have been developed over the past decades (Abadie et al., 2010 ;Gittings., 1992 ;Heinrich et al., 2001a ;Heinrich et al., 2001b ;Kelfoun , 2011 ;Kelfoun and Vargas, 2015 ;Mangeney et al., 2000 ;Paris et al., 2019a,b). For tsunami wave simulation, most of the models applied at the field scale are solving thin-layer (i. e. hydrostatic pressure) depth-averaged equations for a two-layer flow made of a layer of granular material moving beneath a water layer (Fine et al., 2003 ;Fine et al., 2005 ;Fernández-Nieto et al., 2008 ;Jiang and LeBlond., 1992 ;Majd and Sanders., 2014 ;Yavari-Ramshe and Ataie-Ashtiani., 2015). For the water wave propagation part, more advanced depth-averaged models, based on Boussinesq-type equations (non-hydrostatic pressure) that are weakly dispersive (Kirby et al.,2013 ;Popinet., 2015 ;Zhou et al., 2011) are available. In particular, these non-hydrostatic models are necessary to accurately simulate tsunami wavelengths of about the same order of magnitude as the water depth (Yavari-Ramshe and Ataie-Ashtiani., 2016).

In the seismo-volcanic context of Mayotte, the potential areas of instabilities are close to the island and the water waves wavelengths could be about the same order of magnitude than the water depth (from 1000 m to 5000 m wavelength). Consequently, to investigate the impact of tsunamis generated by submarine landslides, we need to use models that take into account the landslide dynamics but also solve Boussinesq-type equations for the tsunami propagation. These models do not include for now an accurate description of the source (accounting for instance of correct topography effects; Delgado-Sánchez et al., 2020 ;Ma et al., 2015) together with a precise simulation of the wave propagation. To overcome this issue, we propose here a framework for coupling two numerical models, each efficient for describing a specific part of the physical processes involved. We thus combine the HYSEA model (Macías et al., 2017) to describe the submarine avalanche and initiate the waves with the Boussinesq FUNWAVE-TVD model (Abadie et al., 2020 ;Le Roy S., 2017 ;Rohmer et al., 2017 ;Shi et al., 2012) to propagate the wave and compute the flooding on Mayotte's coast. To implement this approach, we: i/ analyze morphological data offshore Mayotte to define scenarios of potential submarine landslides by reconstructing precise topography, ii/process numerical simulation of the submarine landslide including a detailed description of the sources and of the granular flow, iii/ simulate the wave generated by the landslide, their propagation and the coast inundation and discuss the pertinence of the combination of models.

Submarine landslides Scenarios

The two islands of Mayotte (Petite Terre and Grande Terre) have a well-developed shallow submarine shelf (defining the lagoon) with a width from 17 km around Grande Terre to 0.5 km East of Petite Terre, (Figure 1). The shelf-to-slope transition occurs at depths of 30 to 100 m. It corresponds to a significant topography slope break, from shallow slopes on the shelf (<9°) to flanks with maximum slopes of 25° to 60 ° locally. The slopes then decline away from the shelf-break, towards the more subdued topography of the surrounding area. In deeper water, many gullies and canyons (up to 150 meters depth) form tributaries of large valleys. These canyons and discontinuities are present all around the island and may control the circulation of sediments.

To address the coastal flooding hazard associated with potential submarine landslides along the submarine slopes, we focus on landslide scenarios considered as impacting scenarios by the exploratory study of [START_REF] Lemoine | Scénarios d'impact de tsunamis pour Mayotte[END_REF]. The location of the seismic swarms associated with the ongoing volcano-seismic crisis suggests to analyze morphological data on the eastern part of Petite Terre but we also consider scenarios on the western part of Mayotte. We thus consider 8 scenarios with different volumes and depths and summarize their characteristics on Table 1 and Figures 1,2. For each scenario, we use the present topography as it is before the landslide, then we build the contour of the released landslide mass by digging into the submarine slope to define the position and morphology of the volume involved (Figure 2a-g). The volumes of the landslide scenarios vary from 11,25x10 6 m 3 to 800x10 6 m 3 . Six scenarios are located on the east part of Petite Terre and two on the west part of Grande Terre. Six potential landslide scenarios have been investigated on the steep slopes of the shelf-break transition (Piton 100, Piton 200, North Slopes, South Slopes, West Slopes and West Canyons) at shallow depths, one scenario involves the morphological lobes close to the seismic swarm at middle depth (3 Lobes) and one scenario involves the new submarine volcano at 3300 m depth (New volcano; Figures 1,2).

The Piton 200 scenario is located at the shelf to slope transition close to Petite Terre (2,5 km) at depths below sea level between 50 and 600 m. It probably involves a volcanic morphology (one volcano or a complex of volcanic cones) and a volume of 200x10 6 m 3 , (Figures 2a). The Piton 100 scenario is similar to the Piton 200 but with a shallower profile and a volume of 100x10 6 m 3 . The 3 Lobes scenario is constrained by morphological discontinuities and gullies East of Petite Terre at depths between 850 and 1350 m below sea level and involves a volume of 800x10 6 m 3 (Figure 2b). The South Slopes (Figure 2c) and North Slopes (Figure 2d) scenarios are located on the steep slopes at the shelf break at depths between 400 and 1000 m and 50 and 250 m respectively and involve volumes of 290x10 6 m 3 and 11,25x10 6 m 3 . The West Slope (Figure 2e) and West Canyon (Figure 2f) are both located to the west of Grande Terre at depths between 30 m and 300 m and involve volumes of 19x10 6 m3 and 69x10 6 m 3 . The new volcano scenario involves the western part of the volcano (that will flow towards the west). It is located at depths between 2600 and 3150 m and involves a volume of 260x10 6 m 3 (Figure 2g).

Numerical models and coupling

Let us briefly describe the two numerical models HySEA and FUNWAVE-TVD that will be used to simulate landslide dynamics, wave generation, and wave propagation, respectively, as well as the strategy adopted to couple these models.

HYSEA

The two-layer hydrostatic HySEA code is a 2D extension of the model proposed by Fernandez-Nieto et al. (2008) but using Cartesian coordinates. It describes submarine avalanches coupled with the water motion on top of it. As in most landslide generated tsunami models, the fluid and the granular mass are assumed to be incompressible and homogeneous. Therefore, the natural complexity such as density variation that can be due to the expansion or contraction of the material and its impact on pore fluid pressure, segregation and fragmentation processes, bed erosion or incorporation of air and/or water is not taken into account (see Delannay et al., (2017) for a review). HySEA has been implemented by the EDANYA group (Asunción-Hernández et al., 2012;Asuncion et al., 2013 ;[START_REF] Castro | The numerical treatment of wet/dry fronts in shallow flows: application to one-layer and two-layer systems[END_REF][START_REF] Castro | High order finite volume schemes based on reconstruction of states for solving hyperbolic systems with nonconservative products. Applications to shallow-water systems[END_REF]Castro et al., 2008a ;[START_REF] Castro | Wellbalanced finite volume schemes for 2D non-homogeneous hyperbolic systems. Application to the dam break of Aznalcóllar[END_REF][START_REF] Castro Díaz | A HLLC scheme for nonconservative hyperbolic problems. Application to turbidity currents with sediment transport[END_REF]Macias et al., 2015). From the depth-averaged equations, six unknowns are solved by the model (ℎ 1 ,𝑢 1 ) and (ℎ 2 ,𝑢 2 ), representing the vertical height and horizontal velocity of the fluid (index 1) and granular layer (index 2), respectively, averaged in the vertical direction. The code HySEA is based on an efficient hybrid finitevolume-finite-difference numerical scheme on GPU architectures (Macias et al., 2020).

We use a frictional rheology to model the landslide granular flow. Such behavior has been shown to reproduce the main characteristics of landslide dynamics and deposits (Brunet et al., 2017;Le Friant et al., 2003 ;Lucas et al., 2014 ;Moretti et al., 2015). In depth-averaged models with frictional rheologies, the empirical friction coefficient 𝜇=tan(), with delta the friction angle, can be seen as a representation of the dissipation during the flow (Mangeney et al., 2007a). It can be constant or depend on the flow thickness and velocity, as for instance in the Pouliquen flow law (Pouliquen et al., 1999;Pouliquen and Forterre, 2002). Pouliquen and Forterre (2002) developed a basal friction law for the whole range of possible thicknesses and Froude numbers (Fr) even though the experimental data only concerned steady and uniform flows. Depending on the value of the Froude number the flow is assumed to be in a dynamic, intermediate or static regime and the friction coefficient can be written in each regime respectively as a function of four parameters: L which is a characteristic length of of the grains diameter, and 𝜇 1 = tan(𝑑 1 ), 𝜇 2 = tan(𝑑 2 ) and 𝜇 3 = tan(𝑑 3 ) that are the tangents of the critical angles, 𝑑 1 , 𝑑 2 and 𝑑 3 . The angle 𝑑 3 corresponds to the asymptote of the curve 𝜃 𝑠𝑡𝑎𝑟𝑡 (ℎ) representing the slope angle at which a layer of thickness h is mobilized. Two other empirical parameters  and  appear in the rheological law describing (i) the critical Froude number above which the flow is assumed to be in the dynamic regime (Fr>) and (ii) the transition between the static and dynamic regime (), respectively. Several studies have focused on this friction laws and possible extensions to reproduce laboratory experiments of erosion/deposition waves (Edwards and Gray., 2014 ;Edwards et al., 2017 ;Edwards et al., 2019 ;Mangeney et al., 2007b ;Russell et al., 2019) or selfchanneling flows and levee formation (Mangeney et al., 2007a ;Rocha et al., 2019) but the behavior of granular material in the intermediate regime is still largely unknown. We use the flow law of Pouliquen and Forterre (2002) in this study to simulate the granular flow as it made it possible to produce conclusive results for submarine landslides in the Antilles (Brunet et al., 2017 ;Le Friant et al., 2003 ;Poulain et al., submitted). Following these studies we take L=1 and we use the volumedependent friction law of Lucas et al. (2014), 𝜇 1 = 𝑉 -0.0774 , to prescribe the value of µ1. For µ2 and µ3, we assume that 𝛿 2 -𝛿 1 = 10° and 𝛿 3 -𝛿 1 = 2° are constants. Table 1 summarizes the angles used for each scenario. The values of the parameters =0.136 and =10 -3 have been taken from Pouliquen and Forterre (2002) and Mangeney et al. (2007a). Note that the value of  has been shown to poorly affect the results in these studies. The Hysea model is solved numerically by a using a relaxation method, as described in (Escalantes et al., 2019).

FUNWAVE-TVD

The FUNWAVE-TVD code employs an enhanced version of the fully non-linear Boussinesq equations derived by Wei et al. (1995). Chen (2006) improved the original equations of Wei et al. (1995) in order to include the vertical vorticity, which is well suited for a wave-induced currents description (Chen et al., 2003). They also incorporated the adaptive vertical reference level of Kennedy et al. (2001) to improve the nonlinear representation of the model. The FUNWAVE-TVD code solves either fully nonlinear equations in a Cartesian framework (Shi et al., 2012) or a weakly nonlinear spherical coordinate formulation with Coriolis effects (Kirby et al., 2013) to take into account earth curvature. It uses a TVD shock-capturing algorithm with a hybrid finite-volume and finite-difference scheme. Following the approach of Tonelli and Petti (2009), wave breaking is detected when the ratio between wave height and water depth exceeds 0.8. The subsequent coastal inundation is simulated by cancelling off dispersive terms, hence solving the nonlinear shallow-water equations. The third order strong stability preserving (SSP) Runge-Kutta scheme is adopted for time stepping.

The code is fully parallelized using the Message Passing Interface (MPI) protocol and efficient algorithms allowing a substantial acceleration of the computations with the number of cores. For operational uses, FUNWAVE-TVD has received many convenient features, such as the use of nested grids to refine the simulations in the interest areas or the use of heterogeneous Manning coefficients to characterize bottom friction.

Coupling between Hysea and Funwave-TVD

To take advantage of the two numerical models described above, the coupling between them must be decided according to objective criteria. After simulating the initiation of the landslide and the associated waves with HYSEA, we must decide the time 𝑡 𝑐 (coupling time) from which HYSEA results are passed on as initial conditions for FUNWAVE-TVD. In order to evaluate tc in an optimal way, we first estimate the times, tc1 and tc2 respectively (as illustrated in Figure 3 for the Piton 200 scenario), for which two particular situations occur. At tc1, the landslide has moved enough to generate a complete shaped wave at the sea surface located directly above it. At tc2, the wave has reached a maximum of amplitude at the free surface in the surrounding of the source area. To do so, we represent the free surface elevation computed by HYSEA along the main propagation line, from 0 to 90s, roughly the time when the waves have vanished (Figure 3). As we can see on this figure:

-tc1 is estimated at the time when the wave amplitude has been completely returned to zero (orange color) after negative (blue color) then positive (yellow colors) values, so around 22s. At tc1, the initial first wave is generated; -tc2, is estimated at the time when the wave amplitude has reached a maximal value (dark blue color), so around 35s. At tc2, the initial first wave has grown and it can be considered as completely formed due to the energy transmitted by the granular flow. These two situations are used to decide the optimal tc for each scenario, knowing that it must represent the time when i) the sliding mass has transmitted a sufficient level of energy to the free surface to generate a complete wave and ii) the errors introduced in the model by the hydrostatic approximation remain minimal. Indeed, hydrostatic models are known to overestimate the water wave. As a result, the simulation time of tsunami propagation with HySEA must be balanced because it has to be as small as possible to reduce overestimation of the water wave. In order to be conservative in terms of final impacts, we decided to fix tc at the value of tc2 to be sure that the maximum of the wave energy coming from the landslide is taken into account in the next computations. Then, the propagation of the wave physical conditions can be propagated with the non-hydrostatic hypothesis supported by FUNWAVE-TVD. Table 1 summarizes the coupling times chosen for each scenario.

Model setup

The numerical simulations of landslide and sea surface deformation were carried out under the following conditions:

-the simulation of the waves propagation is done in mean high water springs (+ 1.92m at Dzaoudzi to the Mayotte vertical datum IGN1950 following the RAM 2017), which, in most cases, reduces the protective effect of the reef (Thran et al., 2021), compared to the other reference tide levels (e.g. mean high water neaps or mean tide level with values of 1.02 and 0.35 m/IGN1950 respectively), -a global island subsidence of 0.15 m linked to the deflation phenomenon observed since summer 2018 (Cesca et al., 2020;Lemoine et al., 2020a;Feuillet et al., 2021), without taking into account the West-East differential visible in GNS measurements, -two DTM (digital terrain model) with spatial resolutions 50m and 10m were used. They are the same than those in [START_REF] Lemoine | Scénarios d'impact de tsunamis pour Mayotte[END_REF] based on: Gebco 2014 (https://www.gebco.net), HOMONIM SHOM DTM (100m resolution, https://data.shom.fr), MAYOBS 1 (Feuillet et al., 2021, 30m resolution), bathymetric surveys of SHOM (25m resolution, https://data.shom.fr), litto3D (lidar data at 1m resolution, https://data.shom.fr). The 50m DTM is used for the landslide and wave propagation simulation, and the 10m DTM for the inundation. -In FUNWAVE-TVD, a one-way nested grids is used to simulate inundation together with wave propagation. The 10m DTM receives as boundary conditions the free surface elevation and flow velocities from the simulation on the 50m DTM. Absorbing layers are used as boundary conditions for the wave propagation simulation on the 50m DTM. -the spatial changes in the bottom friction (related to land use) are taken into account by the model using Manning's Roughness coefficients, n (see details in [START_REF] Lemoine | Scénarios d'impact de tsunamis pour Mayotte[END_REF]. Typical values of n are determined from the literature (see e.g. Bunya et al., 2010) and vary for example between 0.02 s/m 1/3 for the deep ocean and 0.14 s/m 1/3 for the mangrove forest. -for Funwave-TVD: the wave breaking approach of Tonelli and Petti (2009) is activated and the simulations at 10m resolution are conducted with a one-way nested grids (DTM at 10m receives as boundary conditions the free surface elevation and flow velocities from the simulation at 50m of resolution). For the boundary conditions of the model at 50m of resolution, we consider absorbing layers. For the 8 scenarios, the landslide and the tsunami (generation, propagation and inundation phases) were first simulated with a 50m mesh grid surrounding the whole island of dimensions 151,2 km by 110,4 km (part of it is represented on Figure 4). The results are presented with maps of the extension of landslide deposits (Figures 2h-n) and maps of maximum sea surface elevation due to the tsunami including Grande Terre and Petite Terre (Figures 4 a-h). For the most impacting tsunamis, the one-way nested grids approach was used for a realistic simulation of the flooding (10m resolution) in terms of extension, water depth (sea surface elevation -bottom elevation) and currents. For these simulations, we focus on strategic areas provided by the local authorities: a)Dzaouzi, b)Airport, c/ North-east Petite Terre, d/Mamoudzou, e/Vicinity of Koungou (Figure 1).

The simulation of 50 m resolution can take up to 1 to 2 days and 2 to 4 for the 10 m grid resolution.

Results

Landslide simulation at low resolution (50m)

We first simulate the submarine landslides and tsunami with HYSEA. For the Piton 200 scenario, the velocity of the front of the avalanche varies from 53 m/s at 40 seconds to 25 m/s at 150 seconds. The landslide stops at 260 s covering an extension of 28 km 2 with maximum thicknesses of 52 m (Figure 2h). We simulated the landslide deposits for all the 8 scenarios (Figure 2h-n). The deposit extension varies from 12 km 2 to 36 km 2 and the maximum deposits thickness vary from 30 m to 90 m. The runout distance (distance between scar highest point and deposit front) varies from 2,3 km to 9,2 km. As expected, lower friction angles induce longer runouts and greater deposits areas. The topography strongly controls the dynamics and emplacement of the landslide (Figure 2h-n) as investigated for instance by Peruzzetto et al., (2019Peruzzetto et al., ( , 2021)).

Tsunami propagation simulations at low resolution (50m)

The sea surface elevation at low resolution (50 m) for the 8 landslide scenarios (Figure 4) is simulated with FUNWAVE-TVD:

-Piton 200 (V= 200x10 6 m 3 ): This scenario is located at shallow water. Results of the numerical simulations show an impact offshore the East coast of Petite Terre and mainly on the North East coast of Grande Terre (Figure 4a). The shallow depth of the landslide (between 50-and 600-meters depth) and its location close to Petite Terre lead to sea surface elevations at the coasts of more than 10 m northeast of Petite Terre in uninhabited areas (with a maximum at 15m, 19m very locally) and 2.3m to the North East of Grande Terre near Majicavo Koropa (inhabited area) (Figure 4a).

-Piton 100 (V= 100x10 6 m 3 ): The Piton 100 scenario is located at the same place as the Piton 200 scenario but only half of the volume is involved. Figure 4b shows sea surface elevations at the coasts of maximum 10 m northeast of Petite Terre (uninhabited area) and 1.2 m northeast of Grande Terre (inhabited area). Off the airport, the maximum sea surface recorded is 2.3m while it is 1.2m northeast of Grande Terre and 0.4m at the N4 road. It can be noted that reducing the volume of the landslide by two does not decrease the sea surface elevation by the same factor (Figure 4b). Off the coasts of Grande Terre, where the sea surface elevation was between 1m and 3 m in the Piton 200 scenario, the maximum difference between the 100 and 200 scenarios is about 0.5 m. In the area close to the source of the landslide (northeast of Petite Terre) these differences are greater than 1 m or even 3 m locally where sea surface elevation calculated for Piton 200 were between 5 m and 10 m.

-3 Lobes (V=800x106 m 3 ): This scenario mobilizes the largest volume and is located at a greater depth. This scenario therefore has less impact than other scenarios on the Mayotte coasts (Figure 4c). Only the eastern coast of Petite Terre appears to be impacted with water elevation up to almost 2m reached in the uninhabited areas northeast of Petite Terre. For Grande Terre, the elevations at the coasts are about 1m (near Majicavo Koropa) and 1.3m locally near Mamoudzou (Figure 4c).

-New volcano (V=260x10 6 m 3 ): This scenario investigates a landslide on the flank of the new volcano located 50 km east of Mayotte at more than 3000 m below sea level (Figure 4d). Although the volume is important (260x10 6 m 3 ), the sea surface elevation off the coasts of Mayotte is low. We observe that maximum sea surface elevation reaches 0.7 m very locally on the east coast of Petite Terre. Offshore Mamoudzou, the maximum elevation of the sea surface is 1 m locally but most of the values are less than 0.2 m (around 0.15 m). The maximum sea surface elevations calculated offshore Dzaoudzi and the airport are 0.8 m and 0.5 m respectively (Figure 4d).

-North Slope (V=11,25x10 6 m 3 ): This landslide scenario is located at a shallow depth and close to the reef, however it has little impact on the coasts of Mayotte with sea surface elevations about 0.2m offshore Koungou and Dzaoudzi, with local maximums at 0.7m and 0.9m respectively (Figure 4 e).

-South Slope (V=290x10 6 m 3 ): This scenario investigates a landslide located south of Petite Terre. It has a strong impact on the East South-East coasts of Grande Terre and mainly on the East coast of Petite Terre. The location of the landslide near the entrance of the lagoon leads to a sea surface elevation of more than 7 m southeast of Petite Terre in uninhabited areas and about 1.8 m off the coasts near Mamoudzou (inhabited area), Figure 4f. The airport area is also fairly exposed with a maximum sea surface elevation of 3.4m.

-West Canyon (V=69x10 6 m 3 ): This scenario is located offshore the western coast of Grande Terre. It has a fairly limited impact off the West coast of Mayotte and has little or no impact off the East coast. The maximum sea surface elevation reaches up to 4m locally (Figure 4g). In the Sada and Sohoa region, the maximum sea surface elevation reaches 2.4 and 2.8 m respectively. Offshore the Chembényoumba and the Acoua area, the maximum sea surface elevations are 2.2m and 2.1m respectively.

-West Slope (V=19x10 6 m 3 ): This scenario located offshore the west coast of Grande Terre has a limited impact off the west coast of Grande Terre and no impact off the east coast. The maximum sea surface elevations reach up to 3m locally (Figure 4h). Offshore the Sada and Sohoa region, the maximum sea surface elevation reaches 1.2 and 2 m respectively. Offshore Chembényoumba and Acoua, the maximum sea surface elevations are 1.3m 2m respectively.

Table 2 summarize the tsunami travel time at different strategic zones defined on Figure 1 for all the scenarios. We describe here the time series of the sea surface elevation for three of the most impacting cases identified on the low-resolution simulations (50m), Piton 200 (Figure 5), South Slopes and West Canyon (Figure A.2). Digital gauges have been chosen close to specific strategic sites in order to capture the evolution of the free surface evolution, they are located on the insert on Figure 1.

-Piton200 (V=200x10 6 m 3 ): 1 minute after the start of the simulation, the first waves reach the east coast of Petite Terre, (Figure 5a-d). The airport area was reached by waves in 3'55". At 6 min, the first waves propagate in the lagoon towards the northeast of Grande Terre and Dzaoudzi. The waves reach the coasts of Grande Terre at 8'25" for the south of the East coast and 10' 35'' for the North East coast. Mamoudzou was only hit by the waves at 11'15". At 20', the waves have not yet reached the west coasts of Grande Terre, they are just starting to propagate in this part of the lagoon. Note that the tsunami is not necessarily preceded by a withdrawal of the sea and that the first wave does not always have the highest elevation as seen on the pink plot (Figure 5d).

-South slope (V=290x10 6 m 3 ): 2 min after the start of the wave propagation, the first waves reach the east coast of Petite Terre ( Figures A-1a-d). The airport area was reached by waves in 5'30", but the interior of the lagoon remains protected. Still at 5'30", the first waves propagate in the lagoon towards the South-East of Grande Terre and Dzaoudzi. The waves reach Dzaoudzi at 11'20", the waves continue to propagate in the lagoon and reach Mamoudzou in 13'50". At 15 min after the beginning of the propagation of the waves the northeast coast of Grande Terre is reached by the waves.

-West Canyon (V=69x10 6 m 3 ): At 7'10" after the start of the landslide, the first waves reach the west coast of Grande Terre starting with the Acoua region, then it is the Chembeyoumba area which is reached by the waves at 9min ( Figures A-2a-d). The waves then propagate in the Lagoon towards the Southwest of Grande Terre. The Sada region is reached by the waves at 10'50" before the waves propagate in Bouéni bay and reach Chirongui at 20'10". Finally, the southwest coast of Mayotte is reached at 20'40" with the Kani-Kéli region.

Coastal flooding simulations and hazard mapping at high resolution (10 m)

To get precise results near the coast of Mayotte, high resolution simulations (10m) have been performed at the local scale for the Piton 200 and South Slope scenarios as they represent the most impacting scenarios (Figure 4) in the area of the current seismo volcanic activity. We described here the results for Piton 200 (V=200x10 6 m 3 ) which is the most impacting scenario. The results were postprocessed to obtain the maximum water depth (Figure 6) and maximum flow velocities (Figure 7). Results for the South Slope scenario are shown on Figures A-3, A-4.

Figure 6a shows that the N4 road leading from Labatoir to Dzaoudzi is partially submerged with water depth varying from 10cm to 1.5m. The airport area is also subject to partial flooding with water depths up to 35cm on the runway and 1.50m near the runway (Figure 6b). At Mamoudzou, maximum water depths of 1.50m are reached (Figure 6c) north of the large Mamoudzou market. In the Koungou region maximum water depths of 2.60m are reached on the first buildings (as in Majicavo Koropa Figure 6d) and up to 1.90m at 50m from the shore. In the northern part of Petite Terre (Figure 6e), water depths of 6m are reached in an uninhabited area and 8m near the beach of Moya.

Figure 7 shows that the maximum velocities are reached on the eastern side of Petite Terre and can exceed 3 ms -1 close to the airport (Figure 7b) and Moya beach (Figure 7d). These values are lower in the lagoon, where the depth is greater, and do not exceed 0.75 ms -1 (e.g. 7a). Finally, significant velocities of 1 to 3 ms -1 can be observed again near the coastline and on land in some bays such as Mamoutzou (Figure 7c) and Koungou (Figure 7d) as well as on the west coast of Petite Terre (Figures 7a and7b).

Synthesis and discussion

Numerical models and coupling approach

We used here the mono-layer (i. e. depth-averaged) hydrostatic version of HYSEA that has been already applied to real landslides and tsunamis (Macias et al., 2017 ;Macias et al., 2020). More advanced models accounting for non-hydrostatic effect in the landslide (Garres-Diaz et al., 2021) and water wave propagation, different coordinate systems for the landslide and avalanche (Delagdo-Sanchez et al., 2020), in-depth variations (Garres-Diaz et al., 2020), and grain-fluid interactions (Bouchut et al., 2016) would significantly improve the accuracy of hazard maps related to landslide generated tsunamis. However, part of these models are not yet applicable for field-scale simulations, or require more parameters that are not easy to calibrate, resulting in potential significant uncertainties.

Coupling two different time-domain models (HYSEA and FUNWAVE-TVD), running one after the other, implies the choice of a coupling time (tc). The choice of tc is important and affects the simulated impact of the scenarios. Taken too early, the landslide will not yet have fully formed the water wave and the impact will be reduced. Taken too late, the wave will have started to spread with hydrostatic conditions and the impact may be overestimated. This time also depends on the characteristics of the landslide (depth, thickness, volume, slope, etc.) and its interaction with the topography. Starting the FUNWAVE-TVD simulation later, increases the impacted area and the elevations of water at the coasts. For example, in the Piton200 scenario, if we start the FUNWAVE-TVD 13s before 𝑡 𝑐2 , the maximum water elevation is reduced by 3.1m at the airport, and by 0.8m in Dzaoudi. Thus, taking into account a slightly longer coupling time is a way to consider envelope scenarios satisfying precautionary principles in terms of hazards assessment, as done in this work.

Tsunami generation, wave propagation and inundation by combining the scenarios

Figure 8 displays the maximum sea surface elevation by combining the results of numerical simulations from all the 8 scenarios simulated for a 50m mesh grid. The most penalizing scenarios can locally generate elevations of the water level greater than 1m, in particular along the eastern coast of Petite Terre where they can reach several meters locally for the most impactful scenarios. The scenarios considered here are associated with rather maximizing assumptions. The most impactful sources are linked to sliding masses of large volume and occurring at shallow depths, i.e., close to the reef and along the slope east of Petite Terre. A good example is the Piton200 (Figure 4a) that mainly participates in defining the map of the maximum elevations of the water body (Figure 8) for the East part of Petite Terre. Other considered scenarios have a limited impact, with elevations of the water level at the coast of the lagoon and the reef, less than 30 cm. This point is particularly illustrated by the impact of the 3 lobes scenarios (huge volume at middle depth) and the South-slope and Northslope scenarios (small volume at shallow depth), Figure 4. This also concerns the collapses of the new volcanic edifice: it corresponds to the most significant case in terms of destabilized volume, but the movements transmitted to the water is so deep that its impact at the free surface is strongly attenuated and the impact along the coasts is low.

The impact on the coast of simulated potential tsunamis is heterogeneous and depends not only on the considered scenarios but also on the coastal areas. Globally, modeled impacts of tsunami along the coast of Mayotte can be considered as moderate, except for some maximizing scenarios along the eastern side of the island which is the most exposed since we considered potential landslides in this area, associated to the ongoing seismo volcanic activity. However, the reef plays an essential protective role since it can dissipate much of the energy of tsunamis coming westward, as it does for cyclonic waves (Kunkel at al., 2006, De la Torre et al., 2008). The east coast of Petite Terre is much more exposed because of the lack of a reef. Through elsewhere, coastal morphologies characterized by steep slopes associated with the presence of mangroves mitigate also the impact of the submersion due to dissipation processes. Given the orders of magnitude of the modelled events, it is essential to take into account the tide and the subsidence linked to regional deflation (phenomenon of emptying of the magmatic chamber, Cesca et al., 2020, Lemoine et al., 2020a, Feuillet et al., 2021). In our study, unfavorable hypotheses (full spring tide and homogeneous subsidence of 15 cm) have been considered during the modelling of tsunamis in order to remain in the logic of the "worst credible risky case".

More locally, in addition to the exposure to the phenomenon, the level of risk depends on the presence of buildings, roads or particular infrastructures such as the airport or administrative centers and their vulnerability. The most exposed areas are not associated with a high level of risk as they are located along the eastern coast of Petite Terre, almost inhabited, marked by the presence of beaches surrounded by reliefs and cliffs. Higher resolution simulations (10m resolution) were carried out for some of the most impacting scenarios such as the Piton 200 and South Slope in order to model the potential flooding. To engage an operational communication with local authorities, we were encouraged to map a simplified parameter representing the intensity of the flooding along the coasts.

Because it has been computed by integrating all most impacting scenarios, it reflects somehow the capacity to get impacts of a certain level, from low to very high, on a specific area, as defined in the French coastal risk prevention plan guide (MEDDE, 2014) (Table 3). The resulting mapping is thus obtained by combining the water depths and flow velocities simulated for the most impacting scenarios, and for simplification, it has been associated to the notion of hazard (or pseudo-hazard), even if it is not feasible or realistic to associate a probability with the considered simulated scenarios. However, the performed simulations show that inundations located on Petite Terre, and in particular at the airport and Dzaoudzi lead to a high pseudo-hazard level. On Grande Terre, specific local conditions (mangrove, steep slopes) mitigate the impact of inundation. Figure 9 exhibits such high to very high pseudo-hazard levels along the entire coastline studied, impacting in particular some coastal urbanized sectors (e.g. Figure 9d) and coastal infrastructures (Figure 9a,b). In addition, tsunamis arrival times for these scenarios are around a few minutes (Figure 9) that is relatively short to set up an early warning system.

Conclusion

Since May 2018, Mayotte Island has experienced an important seismic activity, linked to the on-going seismo-volcanic crisis that could weaken the submarine slopes of Mayotte and trigger submarine landslides associated with tsunamis. To address the hazards associated with such events, we combined two complementary numerical models (the HYSEA and the Boussinesq FUNWAVE-TVD models) to numerically simulate 8 potential submarine landslides and the associated generation and propagation waves. Our results show that, for the most penalizing scenarios, the generated elevations of the water level are generally around 1 m, except in Petite Terre where they can reach very locally more than 15 m in an uninhabited area. Indeed, the most impactful sources are linked to sliding masses of large volume and occurring at shallow depths, i.e., close to the reef and along the slope east of Petite Terre, as shown by the scenario Piton 200. Other considered scenarios have a limited impact, with elevations of the sea level at the coast of the lagoon and the reef, less than 30 cm. The impact on the coast is therefore heterogeneous and depends on the side of the island. Globally, the eastern side of the island is the most exposed since it faces the location of landslides potentially generated by the seismo-volcanic activity. Fortunately, in that place, the reef plays a key protective role by dissipating much of the energy of tsunamis coming westward. Preserving the reef is therefore crucial to maintain this natural protection.

Our simulations show that, for some of the most impacting scenarios such as the Piton 200 and South Slope, inundations located on Petite Terre, and in particular at the airport and Dzaoudzi (up to 1.5 m) can lead locally to a very high hazard level. On Grande Terre, specific local conditions (mangrove, steep slopes) mitigate the impact of inundations. It should be noticed that preserving the mangroves is also crucial to reduce flooding.

Our study opens the way to the development and use of complex numerical models able to simulate both landslides and wave propagation processes for a better hazards and risks assessment strategy in contexts similar to Mayotte, i.e. in active seismo-volcanic contexts near the coast. A key point to understand the results presented in this study is to be aware of the uncertainties linked to the models and to the selected scenarios. The scenarios of potential instabilities will evolve as new knowledge is acquired. Indeed, the purpose of these simulations is to give the order of magnitude of the waves expected for these scenarios using models integrating current scientific knowledge on the modeling of these processes. Our results show the potential of advanced numerical models to build precise hazard maps to be used for land-use planning or design evacuation plans (Leone et al., 2021). This approach could however be improved in different aspects. More precise scenarios could be determined using new geological data from future marine surveys and drillings in the targeted areas. From the modelling point of view, significant increase of simulation accuracy would be obtained by developing more advanced numerical models for landslide and tsunami waves accounting for nonhydrostatic effects, different coordinate systems for the landslide and the tsunami, grain-fluid interactions in the granular mass, multilayer approaches for the landslide and tsunami wave. Another key issue is to account for uncertainties in the simulated hazard maps. (Feuillet et al., 2021, 30m resolution), bathymetric surveys of SHOM (25m resolution, https://data.shom.fr), litto3D (lidar data at 1m resolution, https://data.shom.fr). The main seismic swarm related to the on-going volcano seismic crisis is indicated as well as the new volcano. The scenarios of potential submarine instabilities are indicated in red. The location of the gauge EB is indicated. The insert (corresponding to the black box in the main map) defined five strategic areas that will be discussed and shows the locations of the gauges voK, EM, ND, SD, WA, EA, NEPT. Table 2: Times of arrival of the first wave of tsunami at the gauges placed around Mayotte for each simulated scenario (location of the gauges on Figure 1). 

Part V -Conclusion and Perspectives

This thesis was dedicated to the numerical modeling of gravity instabilities and associated tsunamis and to its application on two French volcanic islands, Mayotte and Martinique. Our approach was replaced in the general context of numerical modeling techniques applied to landslide generated tsunamis phenomenon. From this state of the art, and taking into account the requirements necessary to model the physical processes in a realistic way with acceptable computation times, we select the model HySEA as the main component of our modeling strategy. To evaluate the HySEA numerical performances, and in particular the waves generated by granular collapses in the near field, we performed at several scales -from laboratory experiments to field scale -simulations based on different scenarios that helped us to better understand the limits of the model and to quantify the related errors. In light of those results, we focus our attention on the scenarios of flank collapse of la Montagne Pelée, after constraining the model with available field data available from past events. The waves induced by the sliding mass were generated and then analyzed in light of the geological knowledge. Lastly, we investigate the possibility to use numerical modeling in the far field, which integrates waves propagation effects. For that purpose, we coupled the HySEA model to the FUNWAVE-TVD one to investigate the dispersion effects in the potential impact of submarine landslides generated tsunamis. This exercise was conducted on the coast of Mayotte in the context of the current seismo-volcanic crisis. Hazard maps were estimated in terms of flooding effects on land, which contributed to design the evacuation plans for the population. In the light of these results, some questions raised in the beginning of this work can now be -partially or fully -answered, as discussed in the next section.

HySEA (shallow water model): limits and errors.

In Part III, HySEA was used to simulate the landslide runout as well as the waves generated by granular collapses. We simulate granular flows in dry, immersed or subaerial situations. We quantify the errors by comparing HySEA to laboratory experiments and SHALTOP another shallow model that better describes topography effects.

The results of this work shows that topography and non-hydrostatic effects can be crucial for modeling such events. For example, during the laboratory experiments simulations, we show that it was possible to empirically take into account topography effects by artificially increasing the friction coefficients in HySEA. Such integration allows HySEA to satisfactorily reproduce deposits from laboratory experiments, as well as waves at a distance of more than 2-3 times the characteristic dimension of the slide. The error on water heights ranges from 1 % to 25% depending on the scenario. And, on the application of Montagne Pelée in Martinique, we showed that the simulated final deposit for the 1.8 km 3 event was in good agreement with field measurements.

Comparison between the hydrostatic and non-hydrostatic HySEA simulations show that nonhydrostatic effects are essential at the lab-scale since they completely change the water waveforms. This effect is also observed for field scale the applications but with a lesser importance for what concerns the waves amplitude and the extent of the following waves train. This work also highlighted some limitations in the way the models are used, in particular depending on the number of considered layers. We observed, in Part III, that the mono-layer hydrostatic version of the code can only be used if the kH is small enough; the same goes for the mono-layer non hydrostatic version of HySEA that can correctly compute the generated waves for a kH up to 2.5. If such models have already been applied to reproduce real landslide tsunamis (Macias et al., 2017;Macias et al., 2020), more advanced models accounting for nonhydrostatic effects (Garres-Diaz et al., 2021), different coordinate systems for the landslide and avalanche (Delagdo-Sanchez et al., 2020), in-depth variations (Garres-Diaz et al., 2020), and grain-fluid interactions (Bouchut et al., 2016) would significantly improve the quality of computations. The multilayer non-hydrostatic version of HySEA has shown to be more accurate (Macias et al. 2021a,b). However, the calibration of the parameters is still a substantial work necessary to simulate complex scenarios as shown in Part III.

Influence of the landslide characteristics (geometry, volume, depth…) on the landslide deposits and the waves generation.

Even when using efficient simulation codes, the parametrization of the geological settings, the quality of the DEM, and the initial conditions have a strong impact on the final results. These parameters affect the dynamics of the flow, and thus the ability to numerically generate deposits consistent with the observed data.

Our analysis, based on a comparison of the deposits measured at sea and the ones obtained from numerical simulations, shows that large flank collapse of Montagne Pelée probably occurred as several smaller sub-events which drastically reduces the tsunami hazard around the volcano. Sensitivity tests performed on Montagne Pelée allow us to provide a range of runout distances and maximum sea surface elevations for various volumes from a small collapse of 10 x 10 6 m 3 to the largest collapse of 16.2 km 3 . In this particular case, we show that larger events do not necessarily generate waves much larger than smaller events.

We finally show that models do not always perfectly fit the reality or cannot grasp the fine dynamics due to the different assumptions made. In particular, the location of the landslide that generates the tsunamis, both in terms of depth but also distance to the coast, have strong impacts on the importance of the tsunami. In the case of Mayotte, the more the landslide is shallow and close to the coast, the more the generated wave is important. In this context, those two parameters are even more important than the sliding volume; we can also mention the role of protection played by the reef and the mangroves that can highly attenuate the tsunamis waves in some places.

Using the numerical model in a real crisis situation.

In all cases we addressed, (Mayotte, Martinique and laboratory experiments) we show that shallow water models can provide the authorities with the right order of flooding intensities, even if strong assumptions or even simplified (empirical) model are used in the computations. It appears that the generated waves are accurate enough for assessing the first orders of hazard, which is an important information in the decision-making processes. This was demonstrated by the usability of hazards and risks maps produced in Mayotte, during the active seismo-volcanic crisis. This brings up the point of how to deliver such important information being aware of the uncertainties linked to the models and to the selected scenarios. In addition, it is a fact that the scenarios describing potential instabilities will evolve as new knowledge is acquired, in particular from a geotechnical point of view. Another possible improvement, would be to perform simulations with finer spatial resolution on land, to take into account the buildings and human made structures and their interaction with the water flows. For example, the use of an adaptive mesh would also greatly reduce computing resources as the mesh could be finer where needed (close to the coast and on land) and wider elsewhere (at sea for example or where no wave is present) [START_REF] Asunción | Simulation of tsunamis generated by landslides using adaptive mesh refinement on GPU[END_REF]. Finally, the coupling of two different time-domain models (HYSEA and FUNWAVE-TVD), running one after the other, implies the choice of a coupling time (tc). We saw that the choice of tc is important and affects the simulated impact of the scenarios and that this time depends on the scenario parameters. To cope with this difficulty, the use of an all-in-one integrated model computing the simulation of landslide, generation of the waves and their propagation to the coast would be optimal to minimize the coupling errors and correctly assess the associated hazard.

To conclude, the purpose of the simulations presented in our work is thus to give the order of magnitude of the expected waves for each of these scenarios, knowing that they constitute a basis that will be improved in a near future when the scientific knowledge and the modeling techniques are updated. At the end, our results show the potential of advanced numerical models to build operational hazard maps useful for land-use planning or design evacuation plans (Leone et al., 2021).

Perspectives

Several ways can be identified to extend this study. As explained before, a promising point lies in the way our results can be improved in the period of a crisis, when authorities quickly need information about possible impacts of specific tsunami scenarios. In that context, two approaches could be foreseen to carry out a large number of accurate simulations in a limited time.

First, we could perform simulations with accurate models upstream of the crisis, in order to feed a database storing all pertinent scenarios. As those models have a tendency to be longer to run and more complex to use, they are not relevant in a context of fast response but they are relevant to better understand the dynamics of the events and to perform fine simulation to grasp the full potential hazards. Second, the use of meta models (surrogates) could offer fast methods for carrying out hazard assessment in a limited time required by the crisis management. The meta-models are statistical tools permitting to drastically reduce the computational time necessary for tsunami simulations. Statistical emulators can provide predictions of the physical process in a much faster and computationally inexpensive way [START_REF] Behrens | New computational methods in tsunami science[END_REF][START_REF] Salmanidou | Statistical emulation of landslide-induced tsunamis at the Rockall Bank, NE Atlantic[END_REF][START_REF] Belliazzi | Probabilistic Tsunami Hazard and Risk Analysis: A Review of Research Gaps[END_REF]. As a consequence, they can be used to explore the tsunamigenic potential of landslide prone zones, by taking into account an extended set of tsunami scenarios. However, the use of meta models needs the build of a large-scale database of scenarios for the method to be accurate. [START_REF] Bacchi | Using Meta-Models for Tsunami Hazard Analysis: An Example of Application for the French Atlantic Coast[END_REF].

Fine, I.V., [START_REF] Fine | The Grand Banks landslide-generated tsunami of November 18 , 1929 : preliminary analysis and numerical modeling[END_REF]. The Grand Banks landslide-generated tsunami of November 18 , 1929 : preliminary analysis and numerical modeling.
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Introduction

Nous présentons dans ce rapport des simulations de hauteurs de vagues potentiellement générées par différents scénarios de glissements de terrain sous-marins qui pourraient se déclencher au large des côtes de Mayotte dans le contexte de la crise sismo-volcanique actuelle. L'objectif est d'évaluer l'impact de ces tsunamis potentiels sur des zones identifiées à risque (habitations, infrastructures). La démarche suivie a été (1) d'identifier des scénarios potentiels de glissements de terrain (localisation, volume mis en jeu), (2) de simuler l'écoulement de ces glissements de terrain sur les pentes sous-marines et les vagues en résultant, (3) de simuler la propagation des vagues jusqu'aux côtes de Mayotte.

Dans ce rapport, après avoir décrit les scénarios et les conditions de simulation des glissements de terrain et des vagues, nous présentons dans la section 3 les résultats des simulations à basse résolution (50 m) et à haute résolution (10 m) avec des zooms sur des sites spécifiques communiqués par la préfecture de Mayotte. La section 6 "Synthèse" permet d'avoir accès directement à l'estimation des hauteurs maximales d'eau à terre sur les sites spécifiques pour les scénarios les plus impactants.

Scénarios

Depuis mai 2018, l'île de Mayotte subit une activité sismique importante liée à la crise sismovolcanique en cours. Les séismes affectant l'île forment deux essaims avec des épicentres localisés entre 5 et 15 km à l'Est de Petite Terre pour l'essaim principal, et à 25 km à l'est de Petite Terre pour l'essaim secondaire. Bien que des variations du nombre de séismes et de leur répartition soient observées depuis l'initiation du phénomène sismovolcanique, et en particulier depuis le début de l'éruption début Juillet 2018 (e.g. Lemoine et al., en révision ;Cesca et al., 2020), une sismicité continue persiste et a pu générer plusieurs séismes de magnitudes proches de M4 largement ressentis par la population. Depuis le 10 mai 2018, 2035 séismes avec des magnitudes supérieures à 3.5 ont été enregistrés dont 35 avec des magnitudes enregistrées supérieures à 5 (REVOSIMA bulletin n°18). Cette forte activité sismique se situe proche de fortes pentes localisées à proximité de l'île de Mayotte et principalement de Petite Terre.

La crise sismo-volcanique intense qui affecte Mayotte depuis 2018, la localisation des séismes proches des fortes pentes qui entourent l'île et la construction d'un nouvel édifice volcanique (Feuillet et al., en révision) sont susceptibles de déclencher des instabilités gravitaires sous-marines au large de Mayotte (et en particulier à l'est) générant des tsunamis.

A l'automne 2019, un travail exploratoire a été réalisé au BRGM (Lemoine et al., 2020) qui visait à estimer l'impact d'un large panel de sources tsunamigènes, liées à des instabilités, à des séismes et à des effondrements, et ceci en considérant des hypothèses de source simples pour les instabilités grâce à la mise en oeuvre d'outils de simulation opérationnels. Cette étude a permis de discriminer parmi les sources envisagées celles qui seraient les plus impactantes et qui nécessitaient la mise en oeuvre d'outils de simulations des processus à la source plus fins.

Compte tenu de la localisation des séismes, de l'étude morphologique des pentes sous-marines au large de Mayotte et des premières simulations de tsunamis effectuées par le BRGM, nous nous sommes concentrés sur 6 scénarios à l'est de Petite Terre: 5 scénarios d'instabilités situés proches de l'essaim sismique et un scénario d'instabilité du nouvel édifice volcanique. Les 6 glissements potentiels retenus à l'Est sont localisés sur la Figure 1 et incluent les scénarios susceptibles de générer les vagues les plus fortes sur les zones à risques. Les volumes d'instabilité considérés varient de 11.25 millions de m 3 à 800 millions de m 3 (Table 1) et peuvent être classés selon leur localisation :

-Glissement en pied de pente de l'édifice volcanique de l'île (3Lobes); -Effondrement de la barrière récifale Est (Piton200, Piton100, PenteNord); -Effondrement du pied de récif Est (PenteSud); -Effondrement d'une partie de la structure du nouveau volcan (NouveauVolcan).

Bien que la crise sismovolcanique affecte la partie Est de Petite Terre, des instabilités gravitaires pourraient aussi se produire à l'Ouest de l'île comme en témoignent certaines structures d'instabilités. Bien que ces scénarios semblent moins probables étant donnés leur localisation, il est toutefois important de ne pas les ignorer. Pour compléter ce travail, nous avons donc travaillé sur 2 scénarios à l'Ouest de Grande Terre identifiés au préalable par Lemoine et al., 2020. : -Effondrement de la barrière récifale Ouest (CanyonOuest, PenteOuest) Pour chaque scénario nous avons reconstruit les topographies avant et après glissement, représentant les sources des glissements de terrain potentiels pour les simulations, comme illustré sur la Figure 2. (voir Annexe 7.1 pour le détail des codes utilisés pour les simulations). 2020)) est disponible en annexe (Table 5). 

Modèles de glissements de terrain, vagues générées et sites spécifiques

Les glissements de terrain sont simulés en supposant qu'ils se comportent comme une masse granulaire qui s'écoule sur les pentes sous-marines sous l'effet de la gravité Cet écoulement perturbe la colonne d'eau qui se déforme, donnant naissance à des vagues qui se propagent dans l'océan. Les modèles numériques utilisés décrivent ces phénomènes en simplifiant leur comportement pour deux raisons essentielles. La première est que le comportement des glissements de terrain est complexe et que de nombreuses incertitudes persistent sur la manière de les décrire. La deuxième raison est qu'il serait trop coûteux en temps de calcul de simuler tous les processus mis en jeu. Ainsi il est nécessaire de faire des approximations pour simplifier ces modèles afin de les appliquer à l'échelle du terrain. Plus de détails sur les codes utilisés sont donnés en annexe 7.1.

Un point clé pour appréhender les résultats présentés ci-dessous est de prendre conscience des incertitudes liées à ces modélisations ainsi qu'aux scénarios potentiels sélectionnés (cf. section 2.1). Ainsi la vocation de ces simulations est de donner l'ordre de grandeur des vagues attendues pous les scénarios considérés à l'aide de modèles intégrant les connaissances scientifiques actuelles sur la modélisation de ces processus.

Simulation des glissements de terrain

La première étape est de simuler le glissement de terrain et l'écoulement du matériel glissé. A titre d'exemple, si on considère que le glissement débute au temps 0, la figure 3 

Conditions de simulation des vagues

Les résultats des simulations des vagues sont présentés sous 3 types de cartes :

1/ des cartes générales de la surélévation maximale du plan d'eau (Figure 5) liée au tsunami à basse résolution (résolution spatiale à 50m), montrant la surélévation maximale du plan d'eau liée au tsunami atteinte sur une durée de simulation de 1h et calculée en chaque point du domaine de calcul pour les 6 scénarios.

2/ des cartes zoomées de la surélévation maximale du plan d'eau liée au tsunami à haute résolution (résolution spatiale à 10m) sur les sites spécifiques communiqués par la préfecture de Mayotte définis pour les cas les plus impactants.

3/ des cartes de hauteurs maximales d'eau à terre zoomées les sites spécifiques définis pour les cas les plus impactants.

Il est important de mentionner que les simulations des scénarios choisis ont été réalisées dans les conditions suivantes :

-Marée défavorable : niveau de Pleine Mer de Vives Eaux PMVE (+1,92m par rapport au niveau IGN1950), ce qui a pour effet de réduire l'effet de protection du récif vis à vis des vagues. -Une subsidence de l'île globale de 15 cm liée au phénomène de déflation observé depuis l'été 2018, sans prendre en compte le différentiel Ouest-Est visible dans les mesures GNS. 7d).

Pente Nord (11,25 millions de m 3 )

Ce scénario de faible volume est placé à faible profondeur et proche du récif, cependant il a peu d'impact sur les côtes de Mayotte avec des surélévations du plan d'eau de l'ordre de 0.2m dans la région de Koungou et de Dzaoudzi avec des maximum locaux à 0.7m et 0.9m respectivement, et inférieur à cette valeur partout ailleurs sur le domaine (Figure 7e).

Pente Sud (290 millions de m 3 )

Ce scénario a un fort impact sur la côte Est Sud-Est de Grande Terre et sur la côte Est de Petite Terre principalement. La localisation du glissement proche de l'entrée dans le lagon entraine une surélévation du plan d'eau de plus de 7 m au Sud Est de Petite Terre dans les zones non habitées et de 1.79m aux côtes proches de Mamoudzou (zone habitée) (Figure 7f). La zone de l'aéroport est elle aussi assez exposée avec des élévations maximales du plan d'eau lié au tsunami de 3.44m. Pour le scénario du Piton200 (scénario le plus impactant), on observe une submersion partielle de la route N4 menant de Labatoir à Dzaoudzi avec des hauteurs d'eau variant de 10cm à 1,5m (Figure 10a). La zone de l'aéroport est elle aussi sujette à une submersion partielle avec des hauteurs d'eau atteignant 35cm sur la piste et 1.50m aux abords de la piste (Figure 10b). Concernant la pointe Nord de Petite Terre (Figure 10c) des hauteurs d'eau à terre de 6m sont atteintes dans une zone non habitée et 8m aux abords de la plage de Moya. A Mamoudzou des hauteurs maximales d'eau de 1.50m sont atteintes (Figure 10d) au Nord du grand marché de Mamoudzou. Dans la région de Koungou des hauteurs d'eau maximales de 2.60m sont atteintes sur les premières lignes construites (comme à Majicavo Koropa Figure 10e) et jusqu'à 1.90m a 50m du rivage.

Pour le scénario PenteSud (scénario le plus impactant sur la côte sud-est de Grande Terre), on observe une submersion partielle de la route N4 menant de Labatoir à Dzaoudzi avec des hauteurs d'eau variant de 0,5m à 2,8m (Figure 11a). La zone de l'aéroport est elle aussi sujette à une submersion partielle avec des hauteurs d'eau atteignant 67cm sur la piste et jusqu'à 3m aux abords de la piste (Figure 11b). Concernant la pointe Nord de Petite Terre (Figure 11c) des hauteurs d'eau à terre de 4m sont atteintes dans une zone non habitée et 5m aux abords de la plage de Moya. A Mamoudzou des hauteurs maximales d'eau de 2.60m sont atteintes (Figure 11d) au Nord du grand marché de Mamoudzou et des zones habitées sont impactées avec des hauteurs d'eau à terre varient de 10cm à 2m. Dans la région de Koungou des hauteurs d'eau maximales de 1.50m sont atteintes sur les premières lignes construites (comme à Majicavo Koropa Figure 11e) et jusqu'à 0.5m à 50m du rivage. Ce scénario a un impact limité sur la côte Ouest de Mayotte avec des surélévations maximales du plan d'eau atteignant 2m50 à Acoua et Chembényoumba (Figure 13). La zone de Sada enregistre des surélévations maximales du plan d'eau de 2m60 et 0m50 dans la région de Chirongui. La côte Sud Ouest quant à elle, enregistre des valeurs maximales de surélévation du plan d'eau de 0m20 à Kani-Kéli. Il y a peu de zones impactées par une submersion à terre avec des profondeurs d'inondation maximales de 50m. 

Pente Sud (290 millions de m 3 )

A 2min après le début de la propagation des vagues, les premières vagues atteignent La côte Est de Petite Terre. La zone de l'aéroport est atteinte par les vagues en 5min30, (Figure 17 

Synthèse des temps d'arrivée des vagues

Synthèse et perspectives

Dans le cadre de notre étude, les scénarios les plus impactants sont liées à des instabilités gravitaires de 100 à 200 millions de m 3 localisées à faible profondeur (300 m ; Figure 21). Les scénarios les plus pénalisants peuvent générer localement des surélévations du plan d'eau supérieures à 1m, en particulier à Petite Terre où elles peuvent atteindre plusieurs mètres localement et pour les scénarios les plus impactants.

La carte de surélévation maximum du plan d'eau pour l'ensemble des scénarios (résolution 50 m) montre que l'impact des potentiels tsunamis modélisés est hétérogène (Figure 21). La crise sismo volcanique de Mayotte étant localisée à l'est de Petite Terre, nous avons privilégié les scénarios localisés dans cette zone, c'est donc la façade Est qui est généralement la plus exposée. Cependant, l'impact des tsunamis dépend également de la bathymétrie, du récif, de la morphologie de la côte et de l'occupation du sol ainsi que des sources tsunamigènes considérées. Le récif joue un rôle essentiel de protection. Il dissipe une grande partie de l'énergie des tsunamis tout au long de la phase de propagation. La côte Est de Petite Terre est la plus exposée aux vagues à cause de l'absence de récif protecteur et de sa proximité par rapport aux scénarios envisagées. Par ailleurs, des morphologies caractérisées par des fortes pentes ou par la présence de mangroves atténuent l'impact de la submersion.

Le scénario le plus impactant dans cette étude est le Piton200 qui participe majoritairement à définir la carte des surélévations maximales du plan d'eau (Figure 21) ainsi que la carte des hauteurs d'eau maximum à terre (Figure 22).

On observe a dans la région de Dzaoudzi et de Labatoir des surélévations maximales du plan d'eau de l'ordre de 1m avec des maximums locaux à 3m. Concernant les hauteurs d'eau maximum à terre, celles-ci atteignent 1m à 1.5m au niveau de la route N4 reliant Dzaoudzi à Labatoir avec des maximums locaux à 2.6m aux abords de la route. Pour Labatoir, les hauteurs d'eau à terre atteignent jusqu'à 1.60m proche des côtes et 0.8m sur les premières lignes construites (Figure 22a).

L'aéroport est également exposé aux vagues. La hauteur d'eau maximale calculée sur la piste est de 0.50m avec des maximums locaux aux abords de la piste (au niveau du trait de côte) de 3.50m. La partie centrale de la piste se voit submergée avec des hauteurs maximales de 1.5m (Figure 22b).

Mamoudzou semble relativement protégé par la présence du lagon et de la mangrove, cependant des surélévations maximales du plan d'eau de 2m sont localisées au niveau des côtes. Des hauteurs d'eau à terre maximale de 1.5m se trouvent aux abords du grand marché de Mamoudzou (Figure 22d) et certaines zones sont immergées avec des hauteurs d'eau à terre pouvant atteindre 1.7m au niveau de la cote à l'Est de Majicavo Lamir (Figure 22e). profondeur dans la phase de propagation : on sort dans de tels cas du domaine de validité des "ondes longues" (équations de Saint-Venant ou "Shallow Waters"), les phénomènes dispersifs deviennent prépondérants et justifient l'usage des équations de Boussinesq.

Ce qu'il est important de retenir est que le code HYSEA, dans sa version actuelle, simule finement la dynamique du glissement de terrain sur la bathymétrie réelle (Figure 3) mais la propagation de la vague est basée sur l'hypothèse hydrostatique. Les effets non-hydrostatiques étant à priori importants dans le contexte de Mayotte, nous avons choisi de coupler les 2 modèles : simuler la génération de la vague pendant les premiers instants avec HYSEA, puis continuer à propager la vague générée avec le code FUNWAVE qui tient compte des effets non-hydrostatiques. Il est à noter qu'une version non-hydrostatique de HYSEA est actuellement en cours de développement et que nous sommes en train de la tester sur Mayotte avec nos collègues des Universités de Séville et de Malaga.

Les simulations de génération (HYSEA) ont été réalisées sur une grille à 50m. Les simulations de propagation de la vague (FUNWAVE-TVD) à basse résolution ont été réalisées sur une grille avec une résolution de 50m et celles pour la submersion locale à haute résolution sur une grille avec une résolution de 10m. Les temps de calculs caractéristiques des simulations sont de 24h à 48h respectivement pour les simulations à 50m et à 10m. Les calculs sont réalisés pour des temps de propagation des vagues d'une heure.

Démarche suivie pour la modélisation

L'approche utilisée peut se décliner en 4 étapes importantes :

1. Identification des scénarios les plus impactants. Afin de définir ce temps de couplage optimal pour les simulations, on a estimé le temps à partir duquel le glissement de terrain n'a que peu ou plus d'impact sur la génération des vagues. Pour cela, nous avons procédé de deux manières en analysant des coupes de la surface libre le long de la direction du glissement :

• La première méthode consiste à déterminer le moment à partir duquel on n'observe plus d'effets de la source au niveau de la zone de génération (Figure 23 Les temps de couplage tc=17s (Figure 25a) et tc=35s (Figure 25c) permettent de simuler des extremums afin d'estimer l'influence du choix du temps de couplage. Par exemple pour le nord-est de petite Terre les élévations maximums du plan d'eau relevées à la côte sont de 19m, 12m et 6m pour les temps de couplage de 35s, 23s et 17s respectivement. De même dans la zone de Majicavo Koropa, au nord-est de la Grande Terre, les élévations maximums relevées à la côte sont de 2.3m, 1.27m et 1.46m pour les temps de couplage de 35s, 23s et 17s respectivement.

Résolution et paramètres utilisés

Afin de traiter les différents aspects de l'évaluation du risque liés aux scénarios potentiel, plusieurs simulations sont aussi réalisées. Dans un premier temps, pour limiter le temps de calcul, une grille de calcul a été construite avec un pas de maille de 50m et entourant toute l'ile, pour simuler à large échelle la propagation des vagues. Ensuite, pour chaque scénario, une grille plus fine avec un pas de maille de 10m a été créé sur un domaine moins étendu afin d'obtenir la submersion à Terre. Cette nouvelle grille plus fine comprend la source du tsunami et propage les vagues de la même façon que les cas avec un pas de mailles à 50m.

Dans ces deux cas un coefficient de frottement de fond spatialisé est utilisé. Ceux-ci s'adaptent aux différentes conditions de l'occupation du sol à terre et de la présence du récif en mer. Différentes classes d'occupation du sol ont été associées à des valeurs de coefficients de Manning conformes à la littérature scientifique (Figure 26). La modélisation des tsunamis générés par les glissements de terrain peut être envisagée selon deux approches, selon que le glissement de terrain et les tsunamis sont calculés dans le même modèle numérique ou que le glissement de terrain est simulé séparément et ensuite utilisé comme entrée du modèle de propagation des tsunamis. Les glissements de terrain ont souvent un comportement d'écoulement semblable à celui d'un fluide pourvu qu'une rhéologie appropriée soit utilisée ; par conséquent, pour prendre en compte la déformabilité du glissement de terrain, les simulations de l'écoulement sont généralement effectuées en résolvant soit les équations complètes de Navier-Stokes, soit des approximations intégrées sur la profondeur. D'autre part, la propagation des vagues du tsunami est principalement simulée en résolvant les équations de Boussinesq ou d'approximation en couche mince (« shallow-water ») par intégration sur la profondeur (où l'épaisseur du glissement de terrain et la profondeur de la couche d'eau sont supposées être petites par rapport à l'extension du glissement de terrain vers le bas et à la longueur d'onde de l'eau respectivement). Les modèles basés sur les équations de Navier-Stokes et les modèles shallow-water ont tous deux leurs avantages et leurs limites. Les premiers sont considérés comme plus précis, mais ce gain de précision implique des coûts de calcul plus élevés. Les seconds représentent une grande partie des modèles existants car leur coût de calcul est plus faible et donc mieux adapté à l'évaluation des risques pour lesquels le temps de réponse est important (par exemple, Gittings, 1992 ;Mangeney et al., 2000 ;Heinrich et al., 2001a ;Heinrich et al., 2001b ;Abadie et al., 2010 ;Kelfoun, 2011 ;Kelfoun et Vargas, 2015 ;Paris et al., 2019a,b). L'hypothèse shallow-water est généralement associée à des équations moyennées sur la profondeur sur l'épaisseur de l'écoulement et une vitesse moyenne. En plus des limitations inhérentes à l'hypothèse de couche mince, il existe un certain nombre de défis mathématiques, mécaniques et numériques qui, lorsqu'ils ne sont pas traités de manière appropriée, peuvent induire des erreurs significatives sur (i) l'avalanche granulaire, (ii), la génération de vagues et (iii) la simulation de la propagation des vagues. Le premier défi concerne la dérivation précise des équations moyennées en profondeur pour les écoulements granulaires sur une topographie générale 2D z(x,y). Le deuxième défi consiste à décrire l'interaction grain-fluide dans les glissements de terrain, et en particulier la dilatance et les effets associés de la pression du fluide interstitiel, particulièrement difficiles à contraindre dans les applications de terrain. Un troisième défi, peu abordé dans la littérature, est le choix du système de coordonnées. En effet, pour dériver avec précision l'approximation peu profonde, il est nécessaire de mesurer l'épaisseur dans la direction approximativement normale à la surface de l'écoulement mince considéré. Ainsi, l'approximation shallow-water pour la partie tsunami doit être traitée dans un cadre cartésien horizontal/vertical, alors qu'elle doit être traitée dans un système de coordonnées adapté aux variations topographiques pour la partie glissement de terrain.

Par conséquent, il n'existe aujourd'hui aucun modèle pour les tsunamis générés par les glissements de terrain qui traite avec précision tous ces aspects avec un coût de calcul raisonnable, et aucune idée précise des erreurs commises en négligeant certains d'entre eux. En effet, malgré de fortes différences entre les modèles, la plupart des études présentées dans la littérature concluent à une bonne reproduction des expériences de laboratoire ou les données de terrain. Même si cela n'est pas toujours explicite, ces résultats sont souvent obtenus en ajustant certains des paramètres d'entrée de manière à ce que le modèle explique les observations (par exemple, Si et al., 2018). Les résultats des simulations peuvent ensuite être utilisés pour dériver des cartes d'aléa basées sur la physique des événements (Løvholt et al., 2020), utiles pour les plans d'évacuation (Mas et al. 2012), l'aménagement du territoire (Garcin et al. 2008, Terrier et al. 2013) ou la conception d'infrastructures sous-marines (Cheung et al. 2011). La dérivation et l'interprétation rigoureuses de ces cartes sont cependant complexes, car les praticiens sont confrontés à des incertitudes importantes concernant (i) la géométrie du glissement de terrain, (ii) les lois et paramètres rhéologiques à utiliser dans les simulations, et (iii) les inévitables approximations faites dans le modèle numérique. Nous pensons donc qu'un point clé dans les améliorations futures des modèles est de montrer, quantifier et analyser leurs incertitudes. L'objectif principal de ce travail est de montrer, d'analyser et de quantifier l'erreur associée au code numérique HySEA, puis d'appliquer ce code dans deux contextes volcaniques où l'activité sismovolcanique a été assez intense ces trois dernières années afin de répondre aux questions suivantes : comment estimer et quantifier les erreurs commises lors de l'utilisation d'un modèle de tsunamis générés par des glissements de terrain ? Comment réduire le nombre de paramètres utilisés dans les codes numériques de tsunamis générés par des glissements de terrain ? Ces codes peuvent-ils être utilisés dans un contexte de gestion de crise ? Ces codes numériques peuvent-ils donner des résultats exploitables pour l'évaluation des risques de tsunamis dans les deux contextes de la Martinique et de Mayotte ?

Pour répondre à ces questions, le manuscrit est divisé en cinq parties :

-La partie I est consacrée à la présentation du contexte général de ce travail. Dans un premier temps, nous abordons brièvement les tsunamis générés par les glissements de terrain et présentons leurs principales caractéristiques. Ensuite, nous présentons les contextes géodynamiques des deux îles volcaniques (Martinique, Mayotte) où nous avons appliqué des modèles numériques de tsunamis générés par des glissements de terrain.

-La partie II introduit l'état de l'art des modèles numériques de glissements de terrain et de tsunamis pour décrire brièvement les trois différents modèles sélectionnés dans ce travail : HySEA, SHALTOP et FUNWAVE-TVD.

-La partie III est un article soumis au Geophysical Journal International. L'objectif de l'article est de donner un aperçu des performances et des limites du modèle HySEA pour les tsunamis générés par des glissements de terrain en comparant les résultats avec le modèle SHALTOP et avec des expériences. En tenant compte de ces limites, nous appliquons le modèle HySEA au volcan de la Montagne Pelée (Petites Antilles) où plusieurs effondrements de flanc se sont produits dans le passé. Dans le contexte de la réactivation sismo-volcanique, nous avons effectué une simulation numérique préliminaire de tsunamis potentiels générés par des glissements de terrain.

-La partie IV est un article soumis aux Comptes Rendus Geosciences (Mayotte Special Issue) où nous nous concentrons sur l'évaluation du risque de tsunami au large de Mayotte dans le contexte de la crise sismo-volcanique en cours. Nous proposons un cadre pour le couplage de deux modèles numériques, HySEA (pour décrire l'avalanche de débris sous-marine et initier la vague) et FUNWAVE-TVD (pour propager la vague) pour étudier l'impact des tsunamis générés par les glissements de terrain sous-marins et nous présentons des cartes de risques préliminaires associées à différents scénarios. Il est à noter que ce travail a été réalisé au sein du REVOSIMA (REseau de surveillance VOlcanologique et SIsmologique de MAyotte) et en étroite relation avec les autorités (DIRMOM, Délégation Interministérielle aux Risques Majeurs Outre Mer). Les deux rapports envoyés à la DIRMOM et aux autorités locales sont fournis en annexe A et B.

-Enfin, dans la partie V, nous résumons les principaux résultats de ce travail. Nous présentons également les perspectives ouvertes par ce travail.

Un bref résumé de chaque partie est présenté ci-après.

Dans la partie I, la présentation des événements passés de glissements de terrain et de tsunamis générés par glissement de terrain permet de démontrer la diversité de ce type d'événement. Nous montrons aussi à travers plusieurs exemples que bien que les glissements sub aériens soient plus à même de générer des tsunamis, les glissements sous-marins peuvent aussi être les vecteurs d'événements catastrophiques.

Parmi les exemples les plus marquants, le glissement du complexe de Storegga ayant eu lieu il y a 8500 ans en Norvège est sans doute l'un des plus marquant de par le volume de sa masse glissée (de 2400 à 3200 km 3 ) et son extension en mer recouvrant une surface de 95000 km 2 . Le tsunami qui a résulté de ce glissement a laissé des traces a de nombreux endroits depuis la Norvège jusqu'à l'Ecosse en passant par les îles Féroé et Shetland avec des valeurs de runup atteignant de 3 à 20m. Les événements de Papouasie Nouvelle Guinée et de Tohoku en 1998 et 2011 respectivement démontrent aussi l'importance des glissements de terrains sous-marins dans la génération des vagues de tsunamis.

Nous mettons aussi l'accents sur les glissements liés à l'activité volcaniques car les contextes volcaniques sont particulièrement à même de provoquer des glissements de terrain, qui à leur tour, s'ils s'épanchent en mer ou dans un plan d'eau, peuvent générer des vagues de tsunamis. L'exemple le plus évident de ce type d'instabilités est l'effondrement de flanc de volcan du mont Saint Helens le 18 mai 1980 qui a permis d'étudier et de comprendre ce phénomène caractéristique de l'évolution d'un édifice volcanique et a permis de le mettre en évidence sur de nombreux volcans.

Parmi les événements récents, l'éruption de l'Anak Krakatoa est particulièrement notable. Le 22 décembre 2018 à la suite de plusieurs mois d'intense activité volcanique, une partie du flanc Ouest du volcan s'effondre dans le détroit de la Sonde et génère un tsunami. Cet effondrement de flanc de volcan d'un volume d'au moins 93.8 millions de m 3 a généré des vagues atteignant jusqu'à 80 à 100m. D'autres volcans sont eux aussi particulièrement tsunamigène y compris en Europe comme le Stromboli en Italie.

Le contexte volcanique est donc particulièrement propice à la génération de tsunamis surtout en contexte insulaire lors de phases actives de volcanisme. Au cours de cette thèse des simulations numériques à l'échelle du terrain ont été réalisées et se concentrent particulièrement sur deux îles volcaniques françaises dont l'activité a été notable. En effet, la réactivation de la Montagne Pelée en Martinique dans les petite Antilles a été soutenue et, l'érection d'un nouveau volcan au large des côtes de Mayotte, une île de l'archipel des Comores, a soumis l'île à une intense activité sismique. Ces deux contextes particuliers auraient pu favoriser la formation de glissements de terrain générés par l'activité volcanique qui aurait pu être à l'origine de vagues de tsunamis.

La Partie II dresse un état de l'art des différents modèles de glissements, tsunamis et tsunamis générés par glissement de terrain qui ont été développés. Que ce soit dans le cas des glissements ou des tsunamis, les simulations numériques sont majoritairement résolues en se basant sur les équations de Navier Stokes ou sur des équations intégrées sur la profondeur et basées sur l'approximation en couche mince. Ces dernières sont les plus répandues dans les modèles de glissements et de tsunamis et sont représentées par les équations « shallow water » ou Boussinesq. Néanmoins, ces modèles simplifiés sont potentiellement moins précis dans la modélisation des processus eux-mêmes, par rapport aux modèles 3D complets de glissements de terrain et de tsunamis multiphasiques. La simulation de ces événements avec ces équations pose différents défis tant numériques que mathématiques ou mécaniques qui peuvent, lorsqu'ils ne sont pas traités correctement, induire des erreurs importantes sur la simulation de l'avalanche granulaire et des vagues de tsunamis associées. Nous revenons donc sur ces aspects spécifiques afin de comprendre le choix des modèles retenus dans le cadre de ce travail.

La conséquence directe du traitement mathématique et numérique de ces aspects est qu'il n'existe aujourd'hui aucun modèle pour les tsunamis générés par des glissements de terrain qui les traitent avec précision à un coût de calcul raisonnable, et aucune idée précise des erreurs commises en négligeant certains d'entre eux. En effet, malgré de fortes différences entre les modèles, la plupart des études concluent que leur modèle reproduit bien les expériences de laboratoire ou les données de terrain en comparant les résultats de simulation avec une ou deux observations à l'échelle du laboratoire ou du terrain. Même si cela n'est pas toujours explicite dans la littérature, ces résultats ont été obtenus en ajustant certains des paramètres impliqués, ce qui rend impossible l'estimation de l'erreur du modèle lorsqu'il est appliqué à d'autres événements (par exemple, Si et al., 2018). Nous pensons qu'aujourd'hui, un point clé pour l'amélioration future des modèles est de montrer, quantifier et analyser leurs incertitudes.

Nous choisissons donc trois modèles numériques qui sont présentés. Le premier modèle SHALTOP est un modèle numérique de simulation d'écoulement gravitaire en approximation de couche mince qui décrit mieux les effets de la topographie que la plupart des modèles de glissements de terrain et de tsunamis. Le second modèle, HySEA, est un code de simulation de tsunamis générés par glissement de terrain où deux couches sont considérées (approximation en couche mince), l'une décrivant l'écoulement granulaire et la seconde décrivant l'évolution de la couche d'eau avec l'utilisation des coordonnées horizontales/verticales cartésiennes pour les deux couches. Le dernier modèle choisi est le modèle FUNWAVE-TVD qui emploie une version améliorée des équations de Boussinesq entièrement non linéaires dérivées de Wei et al. (1995). Ce dernier code est particulièrement adapté à la simulation de la propagation des vagues et à la simulation de la submersion à Terre.

La Partie III est un article soumis au Geophysical Journal International. L'objectif de l'article est de donner un aperçu des performances et des limites du modèle HySEA pour les tsunamis générés par des glissements de terrain. Pour ce faire, nous étudions la dynamique et les dépôts des écoulements granulaires et l'amplitude des vagues générées par les glissements de terrain à l'aide du modèle numérique « shallow-water » HySEA, à l'échelle du laboratoire et du terrain. Nous évaluons les différentes sources d'erreur en comparant quantitativement les simulations avec (i) six nouvelles expériences de laboratoire d'effondrements granulaires dans différentes conditions (sec, immergé, flux sec entrant dans l'eau) et angles de pente et (ii) des simulations numériques réalisées avec le code SHALTOP qui décrit mieux les effets de la topographie que la plupart des modèles de tsunamis générés par glissement de terrain. Pour les configurations de laboratoire, qui représentent les limites de l'applicabilité de l'approximation « shallow-water » de ces modèles, nous montrons que la topographie et les effets non hydrostatiques sont cruciaux. Cependant, lorsque les effets de la topographie sont pris en compte de manière empirique en augmentant artificiellement le coefficient de friction et en effectuant des simulations non-hydrostatiques, le modèle est capable de reproduire le dépôt résultant du glissement et les vagues enregistrées sur des jauges situées à une distance de plus de 2-3 fois la dimension caractéristique du glissement avec une erreur allant de 1% à 25% selon le scénario, sans aucune calibration supplémentaire. En tenant compte de cette erreur, nous simulons les glissements de terrain qui se sont produits sur le volcan Montagne Pelée, Martinique, Petites Antilles ainsi que les vagues générées. Les résultats confirment l'hypothèse selon laquelle les grands effondrements de flancs sur la Montagne Pelée se sont probablement produits en plusieurs sous-événements successifs. Ce résultat a un fort impact sur l'amplitude des ondes générées et donc sur les risques associés. Dans le contexte de l'agitation volcanique sismique en cours sur le volcan Montagne Pelée, nous calculons l'avalanche de débris et les tsunamis associés pour deux scénarios potentiels d'effondrement de flanc.

Enfin, nous présentons un aperçu de la génération des vagues de tsunamis à partir d'un effondrement granulaire du point de vue de la simulation d'expériences en laboratoire avec une version hydrostatique de HySEA pour voir l'influence de la dynamique de l'écoulement granulaire sur la génération des vagues.

La partie IV de ce manuscrit de thèse est un article soumis aux Comptes Rendus Geosciences (Mayotte Special Issue) où nous nous concentrons sur l'évaluation du risque de tsunami au large de Mayotte dans le contexte de la crise sismo-volcanique en cours. Cependant, il est important de mentionner que ce travail de recherche a été réalisé dans des conditions spécifiques de gestion de crise et de soutien aux politiques publiques et a été inclus dans un travail plus large qui visait à répondre aux autorités. Nous avons dû répondre, en un temps limité, aux questions soulevées par les services de l'Etat et apporter des précisions sur les risques liés aux tsunamis générés par glissement de terrain. Les résultats de ces travaux ont été intégrés et discutés dans le REVOSIMA mais aussi régulièrement présentés aux ministères (Recherche, Intérieur, Outre-mer, Environnement), à la préfecture ou à la population de Mayotte. Pour ces raisons, les travaux autour de Mayotte n'ont pas été réalisés dans des conditions de recherche « normales » car certains délais ont été imposés par les activités sismo-volcaniques et les demandes des autorités. Deux rapports (en annexe A et B du manuscrit) ont été transmis à la DIRMOM et aux autorités locales en 2020. En 2021, nos résultats sur les hauteurs d'eau à terre à Mayotte ont été utilisés par Frederic Leone (Univ Montpellier) dans l'élaboration des plans d'évacuation de la population montrant comment nos résultats peuvent être directement utilisés pour un travail opérationnel.

Depuis mai 2018, l'île de Mayotte connaît une activité sismo-volcanique qui pourrait déclencher des glissements de terrain sous-marins et, à leur tour, des tsunamis. Pour évaluer ces dangers, nous utilisons le modèle numérique HySEA pour simuler la dynamique de l'écoulement granulaire et le modèle numérique de Boussinesq FUNWAVE-TVD pour simuler la propagation des vagues et les inondations subséquentes. Nous étudions 8 scénarios de glissement de terrain (volumes de 11,25x10 6 m 3 à 800x10 6 m 3 ). Le scénario qui représente la plus grande menace implique des déstabilisations sur le côté Est du lagon de Mayotte à faible profondeur et peut générer une élévation de la surface de la mer jusqu'à 2m. Nous montrons que la barrière de corail entourant Mayotte a un rôle prépondérant dans le contrôle de la propagation des vagues et dans la protection de l'île. Le temps de parcours du tsunami jusqu'à la côte est très court (quelques minutes) et le tsunami n'est pas nécessairement précédé d'un retrait de la mer. Nos résultats de simulation constituent donc des éléments clés pour établir des cartes d'aléas, des plans d'évacuation et pour améliorer l'alerte précoce.

La partie V a été consacrée à la modélisation numérique des instabilités gravitaires et des tsunamis associés et à son application sur deux îles volcaniques françaises, Mayotte et la Martinique. Notre approche a été replacée dans le contexte général des techniques de modélisation numérique appliquées au phénomène de tsunamis générés par des glissements de terrain. A partir de cet état de l'art, et en tenant compte des exigences nécessaires pour modéliser les processus physiques de manière réaliste avec des temps de calcul acceptables, nous avons sélectionné le modèle HySEA comme composant principal de notre stratégie de modélisation. Pour évaluer les performances numériques de HySEA, et en particulier les ondes générées par les effondrements granulaires dans le champ proche, nous avons réalisé à plusieurs échelles -des expériences de laboratoire à l'échelle du champ -des simulations basées sur différents scénarios qui nous ont permis de mieux comprendre les limites du modèle et de quantifier les erreurs associées. A la lumière de ces résultats, nous avons concentré notre attention sur les scénarios d'effondrement du flanc de la Montagne Pelée, après avoir contraint le modèle avec les données de terrain disponibles issues d'événements passés. Les ondes induites par les masses glissées ont été générées puis analysées à la lumière des connaissances géologiques. Enfin, nous avons étudié la possibilité d'appliquer le modèle à la modélisation en champ lointain, qui intègre les effets de propagation des ondes. A cette fin, nous avons couplé le modèle HySEA au modèle FUNWAVE-TVD pour étudier les effets de dispersion dans l'impact potentiel des tsunamis générés par les glissements de terrain sous-marins. Cet exercice a été réalisé sur la côte de Mayotte dans le contexte de la crise sismo-volcanique actuelle. Les cartes d'aléa ont été estimées en termes d'effets d'inondation sur les terres, ce qui a contribué à la conception des plans d'évacuation de la population.

Ces travaux mettent en lumière plusieurs résultats important.

La comparaison entre les simulations hydrostatiques et non-hydrostatiques de HySEA montre que les effets non-hydrostatiques sont essentiels à l'échelle du laboratoire puisqu'ils changent complètement les formes d'onde des vagues. Cet effet est également observé pour les applications à l'échelle du terrain, mais avec une importance moindre en ce qui concerne l'amplitude des vagues et l'étendue du train d'ondes suivant.

Ce travail a également mis en évidence certaines limites dans l'utilisation des modèles, en particulier en fonction du nombre de couches considérées. Nous avons observé, dans la partie III, que la version hydrostatique monocouche du code ne peut être utilisée que si le kH est suffisamment petit ; il en va de même pour la version non hydrostatique monocouche de HySEA qui peut calculer correctement les ondes générées pour un kH allant jusqu'à 2,5. Si de tels modèles ont déjà été appliqués pour reproduire des tsunamis de glissement de terrain réels (Macias et al., 2017 ;Macias et al., 2020), des modèles plus avancés tenant compte des effets non hydrostatiques (Garres-Diaz et al., 2021), des systèmes de coordonnées différents pour le glissement de terrain et l'avalanche (Delagdo-Sanchez et al., 2020), des variations en profondeur (Garres-Diaz et al., 2020) et des interactions grain-fluide (Bouchut et al., 2016) amélioreraient considérablement la qualité des calculs. La version multicouche nonhydrostatique de HySEA s'est révélée plus précise (Macias et al. 2021a,b). Cependant, la calibration des paramètres reste un travail conséquent nécessaire pour simuler des scénarios complexes.

Même en utilisant des codes de simulation efficaces, la paramétrisation du contexte géologique, la qualité du MNT et les conditions initiales ont un impact important sur les résultats finaux. Ces paramètres affectent la dynamique de l'écoulement, et donc la capacité à générer numériquement des dépôts cohérents avec les données observées.

Notre analyse, basée sur une comparaison entre les dépôts mesurés en mer et ceux obtenus à partir de simulations numériques, montre que le grand effondrement du flanc de la Montagne Pelée s'est probablement produit en plusieurs petits sous-événements, ce qui réduit considérablement le risque de tsunami autour du volcan. Les tests de sensibilité effectués sur la Montagne Pelée nous permettent de fournir une gamme de distances d'écoulement et d'élévations maximales de la surface de la mer pour différents volumes, d'un petit effondrement de 10 x 10 6 m 3 au plus grand effondrement de 16,2 km 3 . Dans ce cas particulier, nous montrons que les événements plus importants ne génèrent pas nécessairement des vagues beaucoup plus grandes que les événements plus petits.

Nous montrons enfin que les modèles ne correspondent pas toujours parfaitement à la réalité ou ne peuvent pas saisir la dynamique fine en raison des différentes hypothèses formulées. En particulier, la localisation du glissement de terrain qui génère les tsunamis, à la fois en termes de profondeur mais aussi de distance à la côte, a un impact fort sur l'importance du tsunami. Dans le cas de Mayotte, plus le glissement de terrain est peu profond et proche de la côte, plus la vague générée est importante. Dans ce contexte, ces deux paramètres sont encore plus importants que le volume de glissement ; on peut également mentionner le rôle de protection joué par le récif et les mangroves qui peuvent fortement atténuer les vagues de tsunamis à certains endroits.

Dans les cas que nous avons abordés (Mayotte, Martinique et expériences en laboratoire), nous montrons que les modèles « shallow-water » peuvent fournir aux autorités le bon ordre de grandeur concernant les inondations à terre, même si des hypothèses fortes ou même un modèle simplifié (empirique) sont utilisés dans les calculs. Il apparaît que les vagues générées sont suffisamment précises pour évaluer les aléas au premier ordre, ce qui est une information importante dans les processus de prise de décision. Ceci a été démontré par l'utilité des cartes d'aléas et de risques produites à Mayotte, lors de la crise sismo-volcanique active. Cela soulève la question de savoir comment fournir des informations aussi importantes en étant conscient des incertitudes liées aux modèles et aux scénarios sélectionnés. De plus, il est certain que les scénarios d'instabilités potentielles évolueront au fur et à mesure que de nouvelles connaissances seront acquises, en particulier d'un point de vue géotechnique. Une autre amélioration possible serait d'effectuer des simulations avec une résolution spatiale plus fine sur le terrain, afin de prendre en compte les bâtiments et les structures humaines et leur interaction avec l'eau. Par exemple, l'utilisation d'un maillage adaptatif permettrait également de réduire considérablement la puissance de calcul afin d'effectuer les simulations, car le maillage pourrait être plus fin là où c'est nécessaire (près de la côte et sur terre) et plus large ailleurs (en mer par exemple ou là où aucune vague n'est présente) [START_REF] Asunción | Simulation of tsunamis generated by landslides using adaptive mesh refinement on GPU[END_REF]. Enfin, le couplage de deux modèles temporels différents (HYSEA et FUNWAVE-TVD), exécutés l'un après l'autre, implique le choix d'un temps de couplage (tc). Nous avons vu que le choix de tc est important et affecte l'impact simulé des scénarios et que ce temps dépend des paramètres du scénario. Pour faire face à cette difficulté, l'utilisation d'un modèle intégré calculant la déstabilisation du glissement de terrain, la génération des vagues et leur propagation à la côte serait optimale pour minimiser les erreurs de couplage et évaluer correctement l'aléa associé.

Pour conclure, le but des simulations présentées dans notre travail est donc de donner l'ordre de grandeur des vagues attendues pour chacun de ces scénarios, sachant qu'elles constituent une base qui sera améliorée dans un futur proche lorsque les connaissances scientifiques et les techniques de modélisation seront mises à jour. Finalement, nos résultats montrent le potentiel des modèles numériques avancés pour construire des cartes de risques opérationnelles utiles pour l'aménagement du territoire.
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  Figure I.2.1.1 : Detailed bathymetrical map of the southern Norwegian Sea and the Norwegian margin area

Figure

  Figure I.2.1.2 : a. Map of the active subduction margin along the northern coast of Colombia including its accretionary prism, the South Caribbean Deformed Belt (SCDB), and the submarine Magdalena Fan system (shaded outline). Three submarine landslides, or mass transport deposits (MTDs) are recognized from SW to NE along the proximal to distal lower slopes of the Magdalena Fan: the Cartagena MTD, Barranquilla MTD, and Santa Marta MTD. Dashed white lines indicate grid of 2D seismic reflection profiles used to map the slides including one seismic line that ties to DSDP site 153, providing age control. Additional lithologic correlation is provided by ODP site 999, located on a basement high to the west of the distal Magdalena Fan. Major, active strike-slip faults in the region shown are potential triggers for submarine slope failure events. Large Colombian cities susceptible to tsunami hazard are shown as yellow circles. b. Location of larger map (dashed box), Magdalena Fan (green outline), and MTDs identified in this study (yellow outlines) in the tectonic context of northwestern Colombia and its offshore margin. (Figure and caption fromLeslie and Stephen, 2016) 

  (Figure I.2.2.1).

Figure

  Figure I.2.2.1 : Evolution of Mount St Helens before and after the 18th of May 1980 eruption. (A) Pre-eruption volcano morphology. (B) North flank deformation. (C) Post eruption volcano morphology highlighting the horseshoe shaped scar structure of the collapse. (D) Hummocky deposits characteristic of the volcano flank collapse. (Source : USGS)

Figure

  Figure I.2.2.2 Distribution of volcaniclastic deposits of the cataclysmic 1980 Mount St Helens eruption and location of Shultz Creek study site (Figure and caption from[START_REF] Major | Decadal-scale change of infiltration characteristics of a tephra-mantled hillslope at Mount St Helens, Washington[END_REF] 

Figure

  Figure I.2.2.3 : Orthophotos of Young Shiveluch constructed from aerial (A,C,D) and Pleiades satellite (B) data with the main destruction features indicated by the colored lines. (From Shevchenko et al., 2021)

Figure I. 3

 3 Figure I.3.1 : 3-D image of the Amphitheater, including seismic cutaway of slump C, viewed from the northeast.

Figure I. 3

 3 Figure I.3.2.1 : Evolution of the topography of Anak Krakatau volcano following the 22 December flank collapse. [A] 17 December 2018: lava flows emplaced since June 2018 (yellow arrows) are located on the southwestern flank (southwest of the yellow dotted line). [B] 22 December 2018: the western flank of the active cone is truncated by a > 93.8 x 106 m3 collapse (black arrows). [C] 10 January 2019: rapid island growth, with > 45 x 106m3 of new tephra deposited on land and offshore (mostly between 22 and 29 December 2018, see Figure 5 in Gouhier and Paris, (2019)) by ash fallout and pyroclastic density currents (red arrows). UTM coordinates (zone 48S) (From Gouhier and Paris, 2019)
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 11 Figure I.4.1.1 : Geodynamic setting of Montagne Pelée volcano (Martinique) in the Lesser Antilles Arc.

  Figure I.4.1.2 : Structural evolution of Martinique Island and migration of the volcanic front. a) Old arc (gray line) erupted between 25 and 21 Ma; b) intermediate arc (white line) erupted during three main phases between 17 and 7 Ma: b1: submarine emplacement of Vauclin-Pitault Chain (VPC); b2: subaerial emplacement of VPC and b3: southwestern volcanism (SWV); and c) the recent arc (orange line) active since 5.5 Ma: c1: first eruptive stage of Morne Jacob (tholeiitic), c2: second eruptive stage of Morne Jacob (calc-alkaline) and Trois Ilets Volcanism, c3: Trois Ilets Volcanism, Carbet Complex and Mount Conil, c4: Mount Pelée. The white arrows show the distance between each complex and the distance of the migration. (from Germa et al., 2011)
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 1 Figure 1.4.1.3 : Conceptual model of the relation between aerial instability processes (i.e., volcano flankcollapse events) and submarine instability processes (i.e., seafloor sediment failure). The first debris avalanche deposit weakened and initiated seafloor-sediment failure, that resulted in a submarine landslide propagation Successive debris avalanches deposits remobilized the unconsolidated surficial sediments within the proximal part of the submarine landslide deposit (SLD). (from[START_REF] Brunet | Composition, geometry, and emplacement dynamics of a large volcanic island landslide offshore Martinique: From volcano flank-collapse to seafloor sediment failure?[END_REF] 

Figure

  Figure I.4.2.1 : Distribution of seismic activity, volcanism and normal faults active from the Miocene to the actual. Earthquakes from the Institut et Observatoire de Géophysique d'Antananarivo (IOGA)(Bertil and Reignoult, 1998). A.G. Alaotra graben (from[START_REF] Michon | The Volcanism of the Comoros Archipelago Integrated at a Regional Scale[END_REF] 

Figure

  Figure I.4.2.2 : a. Location of the Comoros archipelago, between the northern tip of Madagascar and Africa.

Figure

  Figure I.4.2.3 : Morphostructural preliminary interpretation of the bathymetry map. Letters refer to the text of[START_REF] Audru | Bathymay: la structure sous-marine de Mayotte révélée par l'imagerie multifaisceaux[END_REF].(From Audru et al., 2006) 

Figure

  Figure I.4.2.4 : The new volcanic edifice (NVE) offshore Mayotte. a) 30 m resolution bathymetric maps from shipboard EM122 multibeam, illuminated from N290°E. Left panel: SHOM bathymetry collected in 2014 19. Right panel: MAYOBS1 bathymetry collected in May 2019 18. Red circle: position of dredge DR01. b) Depth changes between 2014 and 2019. The change in topography is estimated to be significant when larger than 10 m. (FromFeuillet et al., 2021) 

Figure

  Figure I.4.2.5 : Map view of Mayotte's earthquakes and seafloor testing site locations. A) More than 4000 manually relocated earthquakes using offshore deployments are shown in gray, and 564 earthquakes used in this study are shown in red. There are 2 seismic swarms, which we call the Proximal and Distal swarms. The new volcano edifice (white triangle) is located ~50 km away from Petite Terre, Mayotte's smaller island. The yellow squares represent potential seafloor observatory sites, where OBS have been deployed. Select land stations used in this study are displayed as gray squares. B) Mayotte's location northwest of Madagascar (red star). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (from[START_REF] Aiken | Earthquake location and detection modeling for a future seafloor observatory along Mayotte's volcanic ridge[END_REF] 

Figure 1 .

 1 Figure 1. Experimental setup: (a) initial setup 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.

Figure 2 .

 2 Figure 2. Snapshots of three different experiments (Table1) showing the time evolution of the granular collapse in dry (a-d) (Experiment 1 in Table1), immersed (e-h) (Experiment 2 in Table1) and dry flow entering water (i-l) (Experiment 3 in Table1) configurations. The experiments are performed on a bed with a constant slope θ = 35° followed by a horizontal plane.

Figure 3 .

 3 Figure 3. Position of the hand-picked 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.

Figure 4 .

 4 Figure 4. Evolution of the material dilatation during the different experiments. Error bars represent the variability of the measurement of the free-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.

Figure 5 .

 5 Figure 5. Evolution of the free surface from the experiments and the hydrostatic and non-hydrostatic simulations at gauge 1 (a,e) and 2 (b,d) for 35° slope configurations with mf=0.1 and n=0.05. The dotted lines are the evolution of the free surface of hydrostatic simulations. The light-colored lines (blue and orange) are the evolution of the free surface of the non-hydrostatic simulation. The dark colored lines (blue and red) are the evolution of the free surface of the experiments. Simulation waves have been synched in time to the experiment. The time shift ∆𝑡 is represented by the gray arrow.

  Figures 14 and 15), wall effects (seeMartin et al., 2017 their Figure 4f, Fernandez et al., 2018, their Figure12b), and dilatancy (our Figure4,Randon et al., 2011, Bouchut et al., 2017 their Figure 2, Bouchut et al., 2021, their Figure 6) are not taken into account in the models.

Figure 6 .

 6 Figure 6. 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 Table1), immersed (e-h) (Experiment 2 in Table1), and dry flow entering water configurations (i-l) (Experiment 3 in Table1) for beads of 4 mm in diameter. The thick light gray line around the blue line represents experimental error. The bottom topography (gray 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  = 35° and  = 45°. The vertical dotted gray 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.

Figure 7 .

 7 Figure 7. Comparison between experimental and numerical simulations of a granular collapse and potential generated water waves (non-hydrostatic) on a 45° slope in dry (a-d) (Experiment 4 in Table1), immersed (e-h) (Experiment 5 in Table1), and dry flow entering water configurations (i-l) (Experiment 6 in Table1) for beads of 4 mm in diameter. The thick light gray line around the blue line represents experimental error. The vertical dotted gray 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.

Figure 8 .

 8 Figure 8. Comparison between experimental and numerical simulations of a granular collapse on a 35° slope for immersed (a-c) (Experiment 2 in Table1) and dry flow entering water (d-e) (Experiment 3 in Table1) configurations. Both hydrostatic HySEA and non-hydrostatic HySEA simulations are presented.

Figure 9 .

 9 Figure 9. Impact of the Manning parameter (𝑛) on the evolution of the free surface from the experiments and simulations at gauges 1 (a,c,e,g) and 2 (b,d,f,h) for the non-hydrostatic HySEA simulations with a fitted friction coefficient. The blue lines are the evolution of the free surface of the experiments. The red, yellow, and purple lines are the evolution of the water free surface of the simulations depending on the value of n. Simulation waves have been synched in time to the experiment. The time shift ∆𝑡 is represented by the gray arrow.

Figure 10 .

 10 Figure 10. 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 gray 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 Table1) and dry flow entering water (g,h) (Experiment 3 in Table1) 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.

  Figure 11. 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., 2003). 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 lefthand 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.

Figure 12 .

 12 Figure 12. 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.

Figure 13 .

 13 Figure 13. Final deposits calculated for the 1.8 km 3 flank collapse with (a) the SHALTOP model and (be) 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).

Figure 14 .

 14 Figure 14. Dynamics of the granular flow simulated for the 1.8 km 3 collapse (a-d) with the SHALTOP model and (e-h) with the HYSEA model. Simulations performed with the Pouliquen and Forterre friction law (Pouliquen & Forterre, 2002) and δ1 = 2°, δ2 = 12°, δ3 = 4°. 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).

Figure 15 .

 15 Figure 15. Final deposits pathways and extensions simulated with the HySEA model for all the sensitivity tests on Montagne Pelée.

Figure 16 .

 16 Figure16. Dynamics of the granular flow simulated with HySEA for a 16.2 km 3 flank collapse single event on Montagne Pelée, Martinique. The blue contour lines represent the extension of the bulge (giving the maximum runout distance of the previous older debris avalanches)(Brunet et al., 2017). The purple arrow represents the maximum thickness of the deposit.

Figure 17 .

 17 Figure17. Dynamics of the simulated granular mass corresponding to the third sub-event (V = 0.6 km 3 ) at different times, flowing on the deposits of the two former sub-events for the 1.8 km 3 debris avalanche made of three successive sub-slide events over (a,c,e) an erodible or (b,d,f) a non-erodible (i.e. rigid) deposit. In each case (erodible (e) and non-erodible (f)), the dashed yellow line corresponds to the deposits of the first 0.6 km 3 sub-event and the green dotted line to the deposits of the second 0.6 km 3 sub-event. The blue line corresponds to the observed 1.8 km 3 debris avalanche deposit associated with the last flank collapse event.

Figure 18 .

 18 Figure 18. Final simulated deposits of the 1.8 km 3 collapse scenario occurring in (a) one single event or (b) three successive sub-events. 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 byBrunet et al. (2017). Final deposit of the 16.2 km 3 collapse scenario occurring in (c) one event or (d) three successive sub-events (6.9 km 3 , 5.9 km 3 and 3.7 km 3 , with erodible deposits). Blue contour lines represent the observed bulge limits indicating the maximum runout distance of the 16.2 km 3 flank collapse events at Montagne Pelée(Brunet et al., 2017).

Figure 19 .

 19 Figure 19. (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 km 3 collapse. The gauges location are shown in Figure 11a. (b) and (c) Final deposit simulated with the hydrostatic and nonhydrostatic models, respectively.

Figure 20 .

 20 Figure 20. Sea surface elevation calculated at the three gauges for two scenarios: a) 1.8 km 3 collapse scenario made of three sub-events of 0.6 km 3 each and b) 50 10 6 m 3 collapse scenario.

Figure 21 .

 21 Figure 21. 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.

Figure 22 .

 22 Figure 22. Final deposits calculated with HySea for the (a) 1929 Dome collapse scenario and (b) Dome slope scenario. Older flank-collapse structures are in gray with the rims of the different structures numbered from 1 to 5.

Figure 23 .

 23 Figure 23. Evolution of the sea surface elevation generated by the 1929 Dome scenario (V = 5710 6 m 3 ) with the hydrostatic and non-hydrostatic HySEA code.

Figure 24 .

 24 Figure 24. a) Maximum sea surface elevation generated by the 1929 Dome scenario (V = 5710 6 m 3 ) with the hydrostatic and non-hydrostatic HySEA code and b) evolution of the sea surface elevation at each gauge.

Figure III. 3 . 1 :

 31 Figure III.3.1 : Experimental setup: initial setup with relative position of the gauges (0, 1 and 2) and initial mass. During the experiment showing the thickness of both the granular layer and water column and the position of the camera.

Figure III. 3 . 2 :

 32 Figure III.3.2 : Evolution of the free surface at the fictitious gauge 0 for a sub-aerial collapse impacting water on a 35° slope angle. (a-g) Details of the link between the granular front shape and wave shape. The light blue lines highlight the direct link between the avalanche and the waves. The purple figure represents gauge 0 position.

Figure III. 3 . 3 :

 33 Figure III.3.3 : Evolution of the free surface at the fictitious gauge 0 for an immersed collapse on a 45° slope angle. (a-i) Details of the link between the granular front shape and wave shape. The light blue lines highlight the direct link between the avalanche and the waves. The purple figure represents gauge 0 position. The light grey line on the surface evolution represents a hypothesis for the small plateau that can be observed at 0.4 s

August 2019 :

 2019 Start of the work on Mayotte October 2019: presentation of the objectives of the works during Mayotte's workshop in Paris. Décembre 2019: A first attempt was made to present preliminary results of this work at the AGU fall meeting 2019 but was canceled because of numerical instabilities in the still in-development numerical model. 21 february 2020 : internal presentation of the preliminary results of the work done during the thesis and contribution compared to the results already obtained. Part IV -Application to the on-going Mayotte seismo-volcanic crisis april 2020 : First Note on the work advancement of the project send to DIRMOM (Délégation interministérielle des risques majeurs en Outre-mer). april 2020: first report sent to DIRMOM and presentation of the work during a conference call may 2020 : second report send to DIRMOM and presentation of the results during a conference call with DIRMOM and the prefecture of Mayotte june 2020 : Third Report sent to the authorities with the results of the simulations (This report is available in Appendix of this thesis and contains supplementary figures complementary to the ones presented in the article) July 2020: Presentation of the results to local authorities July 2020: presentation of the results to the "Grands Elus" of Mayotte July 2020: presentation of the work during a RIS (Réunion inter services) between the different ministries involved within the DIRMOM July 2020: Presentation and discussion within the REVOSIMA scientific and operational committee. october 2020 : Presentation of the results during the communication event that took place in Mayotte december 2020 : presentation during a scientific group meeting 2021: Additional work on Mayotte and starting the redaction of the article april 2021: vPICO presentation in the EGU21 session NH5.1 -'Tsunamis : from source processes to coastal hazard and warning' During 2021, our results of water depths in Mayotte have been used by Frederic Leone (Univ Montpellier) in the making of the evacuation plans for the population (Figure IV.1.1) showing how our results can be directly used for operational work.

Figure IV. 1 . 1 :IV

 11 Figure IV.1.1 : Interactive maps for finding refuge in case of tsunamis in Mayotte available on https://arcg.is/1be4iC0

Figure 1 :

 1 Figure 1 : Bathymetry from[START_REF] Lemoine | Scénarios d'impact de tsunamis pour Mayotte[END_REF] based on: Gebco 2014 (https://www.gebco.net), HOMONIM SHOM DTM (100m resolution, https://data.shom.fr ), MAYOBS 1(Feuillet et al., 2021, 30m resolution), bathymetric surveys of SHOM (25m resolution, https://data.shom.fr), litto3D (lidar data at 1m resolution, https://data.shom.fr). The main seismic swarm related to the on-going volcano seismic crisis is indicated as well as the new volcano. The scenarios of potential submarine instabilities are indicated in red. The location of the gauge EB is indicated. The insert (corresponding to the black box in the main map) defined five strategic areas that will be discussed and shows the locations of the gauges voK, EM, ND, SD, WA, EA, NEPT.

Figure 2 :

 2 Figure 2 : Left column (a-g): Location of scenarios of instabilities on bathymetry and associated crosssections (the black line represents the bathymetry before sliding, and the red or orange lines represent the bathymetry after sliding) (a) Piton 200 (red) & Piton 100 (orange), (b) 3Lobes, (c) SouthSlope, (d) North Slope, (e) West Slope, (f) West Canyon, (g) New Volcano; Right column (h-n): thickness of the calculated deposits using Hysea for 7 scenarios : (h) Piton200, (i) 3Lobes, (j) SouthSlope, (k) North Slope, (l) West Slope, (m) WestCanyon, (n) NewVolcano

Figure 3 :

 3 Figure3: Evolution in time of the sea surface elevation along a longitudinal plane collinear to the sliding direction . Srcp: location of the initial movement ; tc1 : time at which the wave is entirely formed at the free surface; tc2: time at which the maximum of energy is transmitted to the free surface.

Figure 4 :

 4 Figure 4: Maximum sea surface elevation (MSSE) in meters calculated for the 8 scenarios (resolution: 50 m): a) Piton200, b) Piton100, c) 3Lobes, d)New Volcano, e) North Slope, f) South Slope, g) West Canyon and h) West Slope. The volumes of the landslides and the coupling time used are indicated for each scenario. The bold black line represents the TC Histolitt of SHOM.

Figure 5 :

 5 Figure 5: a) Piton 200 scenario (resolution 50m): wave propagation from 1 minute to 20 minutes after the landslide. The color scale represents the elevation of the calculated sea surface at a given time. The green dots on the maps correspond to the emplacement of the gauges. b-d) Evolution of the elevation of the sea surface at different gauges (NEPT, EA, ND, SD, WA, voK, EM, EB). The locations of the gauges are indicated on figure 1 and figure 5a.

Figure 6 :

 6 Figure 6: Maximum water depths (MWD) with 10m resolution for the Piton200 scenario. The color scale represents the value of MWD calculated for each point : (a) Dzaoudzi and route N4, (b) Airport and Pamandzi, (c) Mamoudzou, (d) northeast coast of Petite Terre, and (e) Koungou . The bold black line represents the TC Histolitt of SHOM.

Figure 7 :

 7 Figure 7: Maximum water velocities in m/s with 10m resolution for the Piton200 scenario. The color scale represents the value of the maximum water velocity calculated for each point : (a) Dzaoudzi and route N4, (b) Airport and Pamandzi, (c) Mamoudzou, (d) northeast coast of Petite Terre, and (e) Koungou . The bold black line represents the TC Histolitt of SHOM.

Figure 8 :

 8 Figure 8: Map of the maximum sea surface elevation (values in m) combining the results of the 8 simulated scenarios (resolution at 50 m). The bold black line represents the TC Histolitt of SHOM.

Figure 9 :

 9 Figure 9: Hazards value and time of travel of the tsunami which combine the results of the both most impacting scenarios (Piton 200 and South Slope) with 10m resolution. The color scale represents the value of the hazards calculated for each point : (a) Dzaoudzi and route N4, (b) Airport and Pamandzi, (c) Mamoudzou, (d) northeast coast of Petite Terre, and (e) Koungou . The bold black line represents the TC Histolitt of SHOM. The color lines and dashed lines represent the time of travel of the tsunami in minutes.

Table 1 :

 1 Characteristics of the 8 scenarios (volume, bathymetry) and parameters (friction angles and coupling time) used for the numerical simulations.

  Figure 1 817

Figure A. 1 :

 1 Figure A.1: a) South Slope scenario (resolution 50m) : wave propagation from 30 seconds to 15 minutes after the landslide. The color scale represents the elevation of the calculated sea surface at a given time. The green dots on the maps correspond to the emplacement of the gauges. B-d) Evolution of the elevation of the sea surface at different gauges (NEPT, EA, ND, SD, WA, voK, EM, EB). The locations of the gauges are indicated on figure 1 and figure A-1a.

Figure A. 2 :

 2 Figure A.2: a) West Canyon scenario (resolution 50m) : wave propagation from less than 20 seconds to 20 minutes after the landslide. The color scale represents the elevation of the calculated sea surface at a given time. The green dots on the maps correspond to the emplacement of the gauges. b-d) Evolution of the elevation of the sea surface at different gauges (Ac, Che, Sa, Chi, KaK). The locations of the gauges are indicated on figure 1 and figure A-2a.

Figure A. 3 :

 3 Figure A.3: Maximum water depths (MWD) with 10m resolution for the South Slopes scenario. The color scale represents the value of MWD calculated for each point : (a) Dzaoudzi and route N4, (b) Airport and Pamandzi, (c) Mamoudzou, (d) northeast coast of Petite Terre, and (e) Koungou . The bold black line represents the TC Histolitt of SHOM.

Figure A. 4 :

 4 Figure A.4: Maximum water velocities in m/s with 10m resolution for the South Slopes scenario. The color scale represents the value of the maximum water velocity calculated for each point : (a) Dzaoudzi and route N4, (b) Airport and Pamandzi, (c) Mamoudzou, (d) northeast coast of Petite Terre, and (e) Koungou . The bold black line represents the TC Histolitt of SHOM.

Figure 1 :

 1 Figure 1 : Localisation des zones d'instabilités potentielles et essaim sismique.

Figure 2 :

 2 Figure 2 : Colonne de gauche : Elévation actuelle du fond des océans (bathymétrie) et position des glissements potentiels pour les 4 scénarios suivants : (a) Piton200, (b) 3Lobes, (c) NouveauVolcan, (d) PenteSud et (e) CanyonOuest, PenteOuest ; les coupes représentées sur la colonne de droite sont également représentées.. Colonne de droite : Coupes dans la bathymétrie des loupes d'arrachements reconstruites pour les scénarios suivants (en noir bathymétrie avant glissement, en rouge bathymétrie après glissement): (a') Piton200, (b') 3Lobes, (c') NouveauVolcan, (d') PenteSud et (e') CanyonOuest.

  montre l'évolution du matériel glissé à différents temps pour le scénario du Piton 200. La figure 4 synthétise l'étendue des dépôts générés par 7 des glissements potentiels envisagés.

Figure 3 :

 3 Figure 3 : Simulation de l'écoulement de l'avalanche sous-marine sur la bathymétrie pour la scénarios du Piton200 à différents instants. Le glissement s'arrête à 200s.

Figure 4 :

 4 Figure 4 : Extension des dépôts des glissements de terrain sous-marin liés aux scénarios envisagés.

Figure 5 :

 5 Figure 5 : Schéma représentatif des differentes valeurs représentées sur les cartes de simulation. Surélévation max du plan d'eau : surélévation maximale d'eau atteinte par les crêtes des vagues par rapport au niveau de marée pendant toute la durée de la simulation (Niveau max du plan d'eau -Niveau de la marée). Hauteur max d'eau à terre : Niveau max du plan d'eau -Altitude du substrat sur le domaine terretre. Ce schéma n'est pas à l'échelle.

Figure 7 :

 7 Figure 7 : Cartes des maximums de surélévation du plan d'eau (valeurs en m) pour les scenarios traités (résolution à 50 m : (a) Piton200 d'un volume de 200.10 6 m 3 , (b) Piton100 d'un volume de 100.10 6 m 3 , (c) 3Lobes d'un volume de 800.10 6 m 3 , (d) NouveauVolcan d'un volume de 260.10 6 m 3 , (e) PenteNord d'un volume de 11,25.10 6 m 3 , (f) PenteSud d'un volume de 290.10 6 m 3 . L'extension des dépôts générés lors des glissements est indiquée en tiretés noirs. (Détail technique : temps de couplage tc voir annexe 6.2). Le trait gras noir représente le TC Histolitt du SHOM.

Figure 11 :Figure 12 :

 1112 Figure 11 : Hauteusr d'eau maximalse à terre avec résolution de 10m pour le scénario Piton200. L'échelle de couleurs représente la valeur de Hmax calculée pour chaque point: (a) Dzaoudzi et route N4, (b) Aéroport et Pamandzi, (c) côte nord-est de Petite Terre, (d) Mamoudzou et (e) Koungou. Le trait gras noir représente le TC Histolitt du SHOM.4. Résultats des Simulations des scénarios à l'Ouest

Figure 13 :Figure 15 :

 1315 Figure 13 : Surélévation maximale du plan d'eau liée au tsunamis avec résolution de 10m pour le scénario CanyonOuest. L'échelle de couleurs représente la valeur de la surélévation maximale du plan d'eau calculée pour chaque point. Le trait gras noir représente le TC Histolitt du SHOM.

Figure 16 :

 16 Figure 16 : Evolution de l'élévation du plan d'eau aux jauges placés prés des sites spécifiques pour le scénario Piton200.

  et 18), mais l'intérieur du lagon reste protégé. Toujours à 5min30, les premières vagues se propagent dans le lagon en direction du Sud-est de Grande Terre et de Dzaoudzi. Les vagues atteignent Dzaoudzi à 11min20, les vagues continuent à se propager dans le lagon et atteignent Mamoudzou en 13min50. A 15min après le début de la propagation des vagues la côte Nord Est de la Grande Terre est atteinte par les vagues.

Figure 18 :

 18 Figure 18 : Evolution de la surélévation du plan d'eau aux jauges placés prés des sites spécifiques pour le scénario PenteSud.5.3. Canyon Ouest (69 millions de m 3 )A 7min10 après le début du glissement, les premières vagues atteignent la cote Ouest de Grande en commençant par la région d'Acoua, puis c'est la zone de Chembeyoumba qui est atteinte par les vagues à 9min (figures 19 et 20). Les vagues se propagent ensuite dans le Lagon en direction du Sud-Ouest de grande Terre. La région de Sada est atteinte par les vagues à 10min50 avant que les vagues ne se propagent dans la baie de Bouéni et d'atteindre Chirongui à 20min10. Enfin la côte Sud-Ouest de Mayotte est atteinte à 20min40 avec la région de Kani-Kéli.

Figure 20 :

 20 Figure 20 : Evolution de la surélévation du plan d'eau aux jauges placés prés des sites spécifiques pour le scénario PenteSud.

Figure 21 :

 21 Figure 21 : Carte des maximums de surélévation du plan d'eau (valeurs en m) combinant les résultats des 8 scénarios simulés (résolution à 50 m). Le trait gras noir représente le TC Histolitt du SHOM.

  et 24) : cela constitue le temps minimum ou on procède au couplage des deux codes ; • La seconde méthode consiste à définir le temps auquel la vague a atteint son amplitude maximale (en valeur absolue) durant la propagation (Figure 23 et 24) : cela correspond au temps de couplage maximum.

Figure 23 :

 23 Figure 23 : Hauteurs de vagues en fonction du temps avec les temps min et max (lignes rouges) pris pour calculer les simulations.

Figure 26 :

 26 Figure 26 : Représentation sur les grilles à résolution de 50m (a) et de 10m (b) de l'intensité du coefficient de frottement (Manning) utilisé (valeurs en m -1/3 /s), variable pour considérer la présence du récif et l'occupation du sol.

Figure 1 :

 1 Figure 1 : Carte des maximums de surélévation du plan d'eau (valeurs en mètres) combinant les résultats de 14 scénarios simulés parmi les plus impactants (résolution à 50 m) : 12 glissements gravitaires, 1 sismique et 1 effondrement de caldeira. Le trait gras noir représente le TC Histolitt du SHOM.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

of numerical modeling to hazard assessment related to gravitational instabilities and generated tsunamis : Application to volcanic context (Martinique, Mayotte) by Pablo Poulain

  

• Modélisations numériques • Tsunamis • Glissement de terrain • Avalanches de débris • Expériences analogiques • Inondations • Montagne Pelée, Martinique • Mayotte Contribution

Landslide Generated Tsunamis and Geodynamic Contexts

  

	Date Submarine Landslide generated Tsunamis Locations 000 BP Storegga Norway 8150 BP Storegga Norway 6000 BP Storegga Norway Oshima-Oshima, Japan Brattora, NO Grand Banks Ugamak slide, Aleutians, Alaska Nidelva, NO Corinth Gulf, GR Kitimat Inlet, Canada Nice, France Nidelva, NO Flores Island, Indonesia Skagway Harbor, Alaska Papua New Guinea Stromboli, IT Nicolet, CA Statland, NO Anak Krakatoa, ID Date Locations Subaerial Landslide generated Tsunamis 3700 BP Eibsee, Zugspitze Remmerfjell, Norway Tjele, Norway Calabrian, Southern Italy Unzen, Japan Goldau, CH Krakatau, Indonesia Ravnefjell, Norway Disenchantment Bay, Alaska Notre-Dame-de-la-Salette, CA Orkdalsfjorden, NO Tafjord, NO Lovatnet, NO Mt Colonel Foster, CA Lituya Bay, Alaska Pontesei reservoir, Italy Vajont, IT Vajont, IT Lago Cabrera, CL Steinsholt, Iceland Date Locations Yanahun Lake, Peru Kilauea Volcano, Hawaii Lembata Island, ID Bindalsfjorden, NO Mt. St. Hellens, Spirit Lake, Washington La Grande River, CA La Fossa, IT Montserrat, Lesser Antilles Değirmendere, Turkey Fatu Hiva, PF Paatuut, GL Stromboli, IT Qianjiangping, CN Nicolet, CA Mentirosa Island, CL Punta Cola, CL Chehalis lake, CA Gongjiafang, CN Lake 513, Peru Eqip Sermia, Greenland Part I -20 Deaths Volume (10 6 m 3 ) Altitude (m) Width (m) 3880000 1700000 2000 2500 1,45 -80 600 28 200000 167 200000-300000 -120 3 -10 600 0,057 0 10 27 0 1000 11 10 700 5 -15 750 2080 1 0,8 0 330 2200 4000 -1000 4000 20 0,013 10 80 0,4 380 100 430 150 300 2000 Deaths Volume (10 6 m 3 ) Altitude (m) Width (m) 400-600 0-500 32,4 32 696 150 250 1500 5 15000 340 2900 457 36 1100 300 34000 9000 3,5 1100 50 1 808 33 1,2 150 1 18,5 40 3 700 130 74 1 800 0,7 710 5 30 600 730 1 5 400 0,7 2000 260 950 2000 27 9 1500 150 300 975 Deaths Volume (10 6 m 3 ) Altitude (m) Width (m) 400-600 0,1 550 2 540 50 200 300 0,005 110 2800 3,5 15 0,2 200 250 60 800 17000 5,2 75 2,4 300 90 1200 350 5 550 500 24 24 315 1000 0,013 10 80 7 12 760 3 800 210 0,38 120 60 0,4 0,9 20-30 100 Part I -	Length (m) 320 65000 150 570 2000 900 600 160 4500 40 200 1500 Length (m) 270 100 400 1200 100 1067 450 400 900 250 1000 700 Length (m) 3000 550 270 1430-3330 300 300 1300 1200 40 1000 400 400	Thickness (m) 114 88 8 25000 20 10 13,5 15 10 15 400 4 20 Thickness (m) 1000 10 600 4800 100 10 34 18 75 45 50 8,5 130 150 Thickness (m) 50 3 15-35 27 200 20 4 530 40 17 50	Slope Angle (°) 0,1-0,5 0,1-0,5 0,1-0,5 6 6 14 10 12 30-35 10-15° 16 Slope Angle (°) 120 25 10 22,5 25 20 7,5 45 8-13° Slope Angle (°) 45 20 35 10 26 32 16 50 45	Wave height (m) 34 6 8,2 10 4 Wave height (m) 10 20 15 50 29 33 2 25 Wave height (m) 7-14,6 2 15 5 10 50	Runup (m) 7,8 3,5 03-15m 6 42 3 26,2 09-11m 15 10 30 Runup (m) 16 15 15 25 51 520 10 60 Runup (m) 30 50 2 260 50 10 30 150 38 13 24 10-15m	References Harbitz., 1992 Harbitz., 1992 Harbitz., 1992 Satake 2001 L'Heureux et al., 2011 / Glimsdal et al., 2013 Locat and Lee., 2002 Fryer et al., 2004 Bornhold., 2011 Papadopoulos et al., 2007 Skvortsov & Bornhold., 2007 Assier Rzadkiewicz et al., 1997 L'Heureux et al., 2010 Imamura and Gica., 1996 Kulikov et al., 1996 / Rabinovich et al., 1999 Heinrich et al., 2000 / Heinrich et al., 2001a / Synolakis et al., 2002 / Tappin et al., 2008 Tinti et al., 2006 Franz et al., 2015 Glimsdal et al., 2016 Grilli et al., 2019 / Paris et al., 2020 / Heidarzadeh et al., 2020 References Abele., 1972 Jørstad., 1968 Jørstad., 1968 Graziani et al., 2006 Slingerland and Voight., 1979 Thuro et al., 2010 Nomanbhoy and Satake., 1995 Jørstad., 1968 Slingerland and Voight., 1979 Locat et al., 2016 L'Heureux et al., 2014 Harbitz., 2011 Hansen et al., 2016 / Waldmann et al., 2021 Evans., 1989 Miller., 1960 / Mader., 2002 Semenza., 2002 Panizzo et al., 2005a Ward & Day., 2011 Watt et al., 2009 Decaulne et al., 2010 References Plafker and Eyzaguirre., 1979 Day et al., 2005 Lassa., 2009 / Yudhicara et al., 2015 Maramai et al., 2003 Voight., 1981 Lefebvre et al., 1991 Tinti et al., 1999 Mangeney et al., 2000 Tinti et al., 2006b Hébert et al., 2002 Pedersen et al., 2002 Tinti et al., 2006 Wang et al., 2004 Franz et al., 2015 Naranjo et al., 2009 Redfield et al., 2011 Wang et al., 2015 Xiao et al., 2015 Schneider et al., 2014 Lüthi and Vieli., 2015

Landslide Generated Tsunamis and Geodynamic Contexts

  

										Wave		
	Date	Locations	Deaths	Volume (10 6 m 3 )	Altitude (m)	Width (m)	Length (m)	Thickness (m)	Slope Angle (°)	height	Runup (m)	References
										(m)		
	2014	Lac-des-Seize-Îles, CA		0,0305		55	94	5,9			1,8	Leblanc et al., 2016
	2014	Tangjiaxi, CN	12	0,16	160	40	250	15	40		22,7	Huang et al., 2017
	2014	Askja, IS		20	350	550	800	45			71	Gylfadóttir et al., 2017
	2015	Taan Fjord, AK, US		180	850	700	1450	75	25		193	Haeussler et al., 2018 / Higman et al., 2018
	2017	Nuugaatsiaq, GL	4	50	1000	1000	500	240				Paris et al., 2019a
	2018	Anak Krakatoa, ID	430	150	300	2000	1500				30	Grilli et al., 2019 / Paris et al., 2020 / Heidarzadeh et al., 2020
						21						

Table I

 I 

.3.3 : 

Non exhaustive list of landslide generated tsunamis with subaerial or submarine context with their characteristics. The first two columns are the date and

  There are numerous numerical models simulating the dynamics behavior of natural granular type flows but most studies model the slides as a fluid based on different rheology such as Coulomb, Bingham and others. A moving granular mass can be described as homogeneous (single phase) or multiphase flow. Single phase models are known to have difficulties accurately describing the flow behavior.

	Savage and Hutter pioneered the study of granular flow based on shallow water equations
	under hydrostatic assumption. A majority of the developed numerical models are applying
	Savage-Hutter type considerations for the description of the behavior of granular flows. Those
	types of models often are considering a Coulomb type friction term to handle the interaction
	between the granular flow and the topography. In shallow water models, the domain is
	represented by a 2D grid that includes the topography and bathymetry in a (x,y) coordinate
	system. Several physical quantities are associated with each cell of the domain (such as
	velocity of the flow, height of the flow, …) that corresponds to the average of the value of the
	vertical column. Those models assume that the length of the flow is much larger than the flow
	depth leading to the depth-averaging of the Navier-Stokes equation to form the standard
	shallow water equations:								
			𝜕𝑢 𝜕𝑡	+ 𝑢	𝜕𝑢 𝜕𝑥	+ 𝑣	𝜕𝑢 𝜕𝑦	+ 𝑔	𝜕𝜂 𝜕𝑥	= 0	(II.1)
			𝜕𝑣 𝜕𝑡	+ 𝑢	𝜕𝑣 𝜕𝑥	+ 𝑣	𝜕𝑣 𝜕𝑦	+ 𝑔	𝜕𝜂 𝜕𝑥	= 0	(II.2)
	𝜕𝜂 𝜕𝑡	+	𝜕 𝜕𝑥	[(𝜂 + 𝑑)𝑢] +	𝜕 𝜕𝑦	[(𝜂 + 𝑑)𝑣] = 0	(II.3)

  .2.1.2 presents a synthesis of different rheology laws. Some well-known landslide rheological relations found in literature. 𝜏 Shear stress, 𝜏 𝑐 critical shear stress, 𝛾̇ shear rate, 𝜎′ normal stress, u flow velocity, 𝛿 basal friction angle, 𝜙 internal friction angle, 𝜇 𝑑 dynamic viscosity, 𝜇 𝐵 Bingham fluid viscosity, 𝑘 𝐻𝐵 Herschel-Bulkley consistency index, 𝑐 𝑧 Chezy coefficient, 𝑘 𝐷 dilatant consistency index, 𝜇 𝑒𝑓𝑓 effective friction coefficient of 𝜇(𝐼) , 𝑃 pressure, 𝐼 inertial number𝐹(𝛾, 𝑃).

			𝜏 = 𝜏 𝑐 + 𝑎′ 𝛾̇𝑛 + 𝑏′(𝑢)		
	Rheology	𝜏 𝑐	𝑎′	𝑛	𝑏′(𝑢)
	Newtonian	0	𝜇 𝑑	1	0
	Bingham	Constant	𝜇 𝐵	1	0
	Coulomb	𝜎′ and 𝑡𝑎𝑛 𝛿	0	0	0
	Voellmy	𝜎′ and 𝑡𝑎𝑛 𝜙	0	0	(𝑢/𝑐 𝑧 )²
	Herschel-Bulkey	constant	𝑘 𝐻𝐵	≤1	0
	Dialtant	0	𝑘 𝐷	>1	0
	Bagnold's grain inertia	0	𝑘 𝐷	2	0
	Bagnold's macroviscous	0	𝑘 𝐷	1	0
	𝜇(𝐼)	0	𝜇 𝑒𝑓𝑓 𝑃	0	0
	Table II.2.1.2. : Table
	and legend from Yavari-Ramshe and Ataie-Ashtiani (2016).		

  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 = Le Méhauté 1976), 𝑖. 𝑒. for kH<0.1π). Macias et al.

	2𝜋 𝜆	is the wavenumber (in practice when	𝐻 𝜆	<
	0.05 (			

Table 1 .

 1 Summary of the experimental results and their numerical simulations with θ the slope angle and ℎ 1𝑖 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 runout distance obtained with HySEA fitted on SHALTOP are written in brackets. Notes are added in the last column with () for the simulations and without brackets for lab-experiments.

						Bead diameter d (mm)	Friction angles δ1, δ2, δ3 (°)	Water initial height (cm)	Slope angles θ (°)	Initial mass (cm) height Hi, length Li	Runout gate (cm) distance from the	Error in the tail experiments (cm) position compared to	Time ∆t (s) shift for gauges	Notes
	1 Experiment	(35° Dry)	Experiment HySEA Non-fitted (fitted) SHALTOP	4	22.1, 31.8, 23.3 (27.1, 36.8, 28.3) 22.1, 31.8, 23.3	0	35	Hi=10.3 Li=13.1	39.25 52.32 (43.36) 39.68	0 2.0 (13.68) 1.1	---	(Long rear tail on the slope)
	Experiment 2	Immersed) (35°	Experiment HySEA Non-fitted (fitted) SHALTOP	4	22.1, 31.8, 23.3 (27.1, 36.8, 28.3) 22.1, 31.8, 23.3	30	35	Hi =11.0 Li =13.2	44.94 52.96 (43.68) 37.44	0 1.5 (14.08) 1.5	-0.15 -	(Long rear tail on the slope)
	Experiment 3	(35° Entering	Water)	Experiment HySEA Non-fitted (fitted)	4	22.1, 31.8, 23.3 (27.1, 36.8, 28.3)	15	35	Hi =10 Li =13.53	34.7 80 (62.7)	0 14.0 (6.4)	-0.385	The gate is tilted from the mass (Long tail on the slope but shape close to experiment deposits )
					SHALTOP		22.1, 31.8, 23.3				37.4	4.0	-
	Experiment 4	(45° Dry)	Experiment HySEA Non-fitted (fitted)	4	22.1, 31.8, 23.3 (29.1, 38.8, 30.3)	0	45	Hi =11.4 Li =10.78	38.6 56.8 (43.36)	0 5.0 (0.4)	--	The initial mass is scooped at the center and rear
					SHALTOP		22.1, 31.8, 23.3				37.1	0.6	
	Experiment 5	Immersed) (45°	Experiment HySEA Non-fitted (fitted) SHALTOP	4	22.1, 31.8, 23.3 (29.1, 38.8, 30.3) 22.1, 31.8, 23.3	30	45	Hi =11.5 Li =10.94	41.84 57.76 (44.0) 37.12	0 6.0 (1.5) 1.7	-0.18 -	The mass is scooped at the rear
	6 Experiment	(45° Entering	Water)	Experiment HySEA Non-fitted (fitted) SHALTOP	4	22.1, 31.8, 23.3 (29.1, 38.8, 30.3) 22.1, 31.8, 23.3	15	45	Hi =12.0 Li =10.88	33.78 92.64 (72.32) 37.12	0 19.5 (9.3) 5.0	-0.37 -	The gate is tilted from the mass
	7			Experiment	1.5		15	45	Hi =10.32 Li=14.1	38.56	0	
	Experiment	(35° Dry)	HySEA Non-fitted (fitted)		24.5, 34.2, 25.7 (29.5, 39.2, 30.7)				48.32 (39.84)	2.56 (13.92)	-	(Long tail on the slope but shape close to experiment deposits)
					SHALTOP		24.5, 34.2, 25.7				35.84	3.4	-
	8 Experiment	(45° Dry)	Experiment HySEA Non-fitted (fitted) SHALTOP	1.5	24.5, 34.2, 25.7 (31.5, 41.2, 32.7) 24.5, 34.2, 25.7	15	45	Hi =11.8 Li=11.7	39.84 52.48 (40.16) 36.0	0 5.28 (0.16) 0.64	--

Table 2 .

 2 Main characteristics, friction angles, and results of the simulated scenarios for volcano landslides at Montagne Pelée.

	SHALTOP		Volume (km 3 )	Runout distance (km)	Offshore distance (km)	Covered surface (km 2 )	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 (km 3 )	Runout distance (km)	Offshore distance (km)	Covered surface (km 2 )	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 sub-events (erodible deposits)				
		sub-event 1	0.6	26.5	21.4	122.5	29	2.4, 12.4, 4.4
	1.8km 3	sub-event 2	0.6	27.7	22.5	148.1	33.3	2.4, 12.4, 4.4
		sub-event 3	0.6	29.2	23.5	183.3	44.6	2.4, 12.4, 4.4
		sub-event 1	6.9	39.3	33.3	522.4	51.2	1.4, 11.4, 3.4
	16.2km 3	sub-event 2	5.9	41.3	35.3	673	57.7	1.4, 11.4, 3.4
		sub-event 3	3.7	41.4	35.4	688.3	69.9	1.6, 11.6, 3.6
	Successive sub-						

events (non-erodible deposits) 1.8km 3

  

		sub-event 1	0.6	26.5	21.4	122.5	29	2.4, 12.4, 4.4
		sub-event 2	0.6	27	21.5	133.5	43	2.4, 12.4, 4.4
		sub-event 3	0.6	28	22.3	155.2	53	2.4, 12.4, 4.4
		sub-event 1	6.9	39.3	33.3	522.4	51.2	1.4, 11.4, 3.4
	16.2km 3	sub-event 2	5.9	39.5	33.5	564	71.7	1.4, 11.4, 3.4
		sub-event 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

Table 3 :

 3 Parameters used for representing the intensity of the flooding, as defined in the French coastal risk prevention plan guide (MEDDE, 2014).
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Type de source Nom du scénario Volume (en 10 6 m 3 ) Volcan actif NouveauVolcan 260

  

	Pied de Pente	3Lobes	800
		Piton200	200
	Récif Est	Piton100	100
		PenteNord	11.25
	Pied récif Est	PenteSud	290
	Récif Ouest	CanyonOuest PenteOuest	69 19

Table 1 :

 1 Volume mis en jeu dans les 6 scénarios étudiés (un tableau de correspondance aux références des scénarios de l'étude BRGM pour des volumes équivalents(Lemoine et al. (

3.1.4. Nouveau Volcan (260 millions de m 3 )

  Ce scénario se base sur le cas maximisant d'un effondrement du nouvel édifice volcanique situé à forte profondeur à 50km à l'Est des côtes de Mayotte. Bien que son volume soit important (260.10 6 m 3 ), son impact en termes de vagues de tsunami sur Mayotte est faible du fait de sa grande profondeur. En effet on observe que la surélévation du plan d'eau autour de Mayotte reste faible y compris sur les côtes Est de Petite Terre où cette surélévation atteint une valeur maximale de 0.72m très localement. Concernant Mamoudzou, la surélévation maximale du plan d'eau enregistrée sur les côtes est de 1m localement avec une majorité des valeurs aux cotes de l'ordre de 0.15m, ce qui correspond à la surélévation du plan d'eau enregistrée sur la majorité des côtes. La surélévation maximale du plan d'eau enregistrée à Dzaoudzi et au niveau de l'aéroport est respectivement de 0.80m et 0.50m (Figure

3.1.7. Synthèse des résultats de surélévation du plan d'eau à basse résolution

  

	Scenario	lagon	aéroport Dzaoudzi Mamoudzou	côte Koungou	côte nord-est Petite Terre
	Piton200	0,6	4,6	1,7	1,2	2,27	19
	Piton100	0,55	1,9	1,12	1,04	1,2	10,1
	3Lobes	1	0 ,83	0,88	0,72	1,30	1,98
	NouveauVolcan	0,19	0,5	0,8	1	0,4	0,72
	PenteNord	0,32	0,08	0,9	1,05	0,63	0,61
	PenteSud	3,39	3,44	1,58	1,79	0,76	7

Table 2 :

 2 Synthèse des surélévations maximales du plan d'eau en m (résolution 50m) pour chaque simulation aux sites spécifiques étudiés.

3.2.

Simulation des tsunamis des cas les plus impactants à haute résolution (10m)

  

							côte
	Scenario	lagon	aéroport Dzaoudzi Mamoudzou	côte Koungou	nord-est Petite
							Terre
	Piton200	1,3	5,6	1,19	1,3	2.2	19
	PenteSud	4,2	4,7	1,72	3,1	1,3	7,1

Table 3 :

 3 Synthèse des surélévations maximales du plan d'eau pour les simulations des scenario Piton200 et Pente Sud à différents endroits du domaine de calcul.

	3.2.2. Hauteurs d'eau maximales à terre
	3.2.2.1. Piton200

  Ce scénario a un impact assez limité sur la côte Ouest de Mayotte et la côte Est est très peu ou pas impactée. Les surélévations maximales du plan d'eau atteignent jusqu'à 4m localement (Figure12a). Dans la région de Sada et Sohoa les surélévations maximales du plan d'eau atteignent 2,4 et 2,8m respectivement. Pour la région de Chembényoumba la surélévation maximale est de 2,2m localement et enfin pour la région de d'Acoua la surélévation maximale est de 2,15m.Ce scénario a un impact limité sur la côte Ouest de Grande Terre et casi nul sur la côte Est. Les surélévations maximales du plan d'eau atteignent jusqu'à 3m localement (Figure12b). Dans la région de Sada et Sohoa les surélévations maximales du plan d'eau atteignent 1,2 et 2m respectivement. Pour la région de Chembényoumba la surélévation maximale est de 1,35m localement et enfin pour la région de d'Acoua la surélévation maximale est de 1,98m.

	4.1.2. Pente Ouest (19 millions de m 3 )		
	4.1.3. Synthèse des résultats de surélévation du plan d'eau
		à basse résolution				
	Scenario	Acoua	Chembényoumb a	Sada	Chirongui Kani-Kéli Mtsamboro
	CanyonOuest	2,15	2,2	2,4	0,28	0,15	0,81
	PenteOuest	1,98	1,35	1,2	0,14	0,1	0,71

Table 4 :

 4 Synthèse des surélévations maximales du plan d'eau en m (résolution 50m) pour chaque simulation aux sites spécifiques étudiés.

4.2.

Simulation du tsunami du Canyon Ouest à haute résolution (10m) 4.2.1. Canyon Ouest (69 millions de m 3 )

  

Table 5 :

 5 Temps d'arrivé des vagues pour les 6 scénarios traités dans sites impactés par la submersion.

  Dans la région de Koungou et de Majicavo Koropa, les surélévations maximales du plan d'eau peuvent atteindre localement plus de 3m et 2m en moyenne au niveau de la cote. Les hauteurs d'eau maximales à terre sont de 2.6m sur les premières lignes construites de Majicavo Koropa et de 1.3m à Koungou.Enfin la côte Nord est de Petite Terre est la zone la plus exposée, avec des surélévations maximales du plan d'eau pouvant atteindre 19m localement et des hauteurs d'eau maximales de 8m sur la pointe Nord de Petite Terre ou encore au niveau de la plage de Moya (Figure22c).Pour les scénarios situés à l'Est de Petite Terre, les temps d'arrivée des vagues à la côte sont très courts allant de quelques minutes (Est de Petite-Terre) à ~18 minutes pour la côte Est de Grande Terre pour les sources envisagées à l'est de Mayotte. Pour les scénarios situé à l'Ouest de Mayotte les temps d'arrivé sont du même ordre de grandeur avec des temps compris entre 6min et 20min.L'arrivée des tsunamis sur les côtes n'est pas forcément précédée d'un retrait de la mer au rivage. La population ne peut donc pas compter sur une telle « alerte naturelle ».Pour conclure, il est essentiel de garder en mémoire que les hypothèses de sources tsunamigènes liées aux instabilités gravitaires ont été définies uniquement sur les données morphologiques existantes et disponibles au moment de l'étude. Ces hypothèses de sources et leurs conséquences en termes de tsunamis, évolueront au fil des acquisitions de données, notamment grâce aux différentes campagnes d'acquisition programmées dès 2020 (sismique réfraction terre-mer, campagne en mer MAYOBS 13, MAYOBS 15 SISMAORE, GEOFLAMME) mais aussi grâce aux avancées dans la compréhension de la sismotectonique, de la géologie et du système volcanique

mahorais et comorien (e.g. thèses en cours de Nicolas Mercury -EOST/BRGM-, d'Angèle Laurent-IPGP-, scientifiques impliqués dans le Révosima, ANR COYOTES, et autres projets à venir).

. Couplage des codes numériques

  Les déformations du plan d'eau engendrées par glissements gravitaires sous-marins pendant les premiers instants (jusqu'à un temps appelé tc) sont simulées avec le code numérique HYSEA.. Cette déformation et le champ de vitesse dans l'eau au temps tc sont ensuite rentrés comme conditions initiales dans le code FUNWAVE-TVD pour simuler la propagation des vagues et la submersion.Le temps de couplage tc entre les codes HYSEA et FUNWAVE-TVD doit être défini. Ce temps de couplage représente l'instant à partir duquel la génération de la vague est considérée comme terminée dans HYSEA et dont la propagation peut être gérée par FUNWAVE-TVD. Le choix de ce temps est important et a des effets en termes d'impact final du scénario. Pris trop tôt, le glissement n'aura pas encore totalement formé la vague et l'impact serra réduit. Pris trop tard, la vague aura commencé à se propager avec des conditions hydrostatiques et l'impact risque alors d'être surestimé. Ce temps dépend aussi des caractéristiques du glissement (profondeur, épaisseur, volume, pente, etc) et de son interaction avec la topographie.

	2. Définition des scénarios d'instabilités potentielles et reconstruction des topographies avant
	et après glissement, avec les volumes adaptés servant de conditions initiales dans le code
	numérique HYSEA précisant :
	a. La position des glissements ;
	b. Les volumes mis en jeu,
	2. Développement d'une nouvelle méthodologie pour optimiser les simulations numériques en
	utilisant (1) la capacité de HYSEA à décrire précisément le glissement et son influence sur
	la vague générée à la source, et (2) le caractère non-hydrostatique de la propagation de la
	vague dans FUNWAVE-TVD.
	4. Simulations de la hauteur maximale du plan d'eau et de la submersion à terre (pour les
	scénarios choisis) en trois étapes :
	a. Génération de la perturbation de la surface libre de l'eau par la simulation du
	glissement sous-marin par le code HYSEA et son interaction avec la colonne d'eau ;
	b. Propagation à large échelle des vagues et élévation du plan d'eau (modèle
	FUNWAVE-TVD développé par les Universités du Delaware et de Rhode Island ;
	Shi et al., 2012) sur une grille de calcul à 50m ;
	c. Descente d'échelle pour la simulation de la submersion sur grilles à mailles plus fines
	(10m)
	7.3

Table 7 :

 7 Synthèse des surélévations maximales du plan d'eau pour chaque simulation à différents endroits du domaine de calcul en fonction des différents temps de couplage.

	Scenario	temps de couplage	hauteur max lagon	hauteur max aéroport	hauteur max Dzaoudzi	hauteur max Mamoudzou	hauteur max côte Koungou	hauteur max cote nord-est Petite Terre
		17	0,22	1,2	1,2	1,06	1,46	6
	Piton 200	23	0,48	1,8	1,2	1,06	1,27	12
		35	0,6	4,6	1,7	1,2	2,27	19
		10	0,1	0,2	0,91	0,95	0,6	4,7
	Piton 100	15 20	0,13 0,32	0,4 0,6	0,99 1,03	0,98 1	0,9 1	4,7 8
		30	0,55	1,9	1,12	1,04	1,2	10,1
		10	0,1	0,44	0,71	0,93	0,4	0,4
	3Lobes	17	0,2	1,58	0,77	1,02	0,5	1
		28	1	0 ,83	0,88	0,72	1,30	1,98
	NouveauVolcan	26	0,19	0,5	0,8	1	0,4	0,72
	PenteNord	28	0,32	0,08	0,9	1,05	0,63	0,61
	PenteSud	21 30	1,82 3,39	2,01 3,44	1,16 1,58	1,31 1,79	0,46 0,76	5 7

mm for 𝑑 = 4 mm. The time evolution of the water free surface during the propagation was also

Appendix Figure A2. a) Horizontal and b) vertical velocity of the avalanche front in the six experiments with beads of 4mm in diameter.
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Dans ce cas, les simulations des tsunamis sont réalisées avec les mêmes paramètres que pour les simulations à 50m mais en utilisant un MNT de de 10m résolution spatiale de façon à représenter de façon réaliste la submersion marine.Nous présentons ici les résultats obtenus pour les scénarios les plus impactants identifiés lors des simulations à basse résolution et simulé à haute résolution, Piton 200 et PenteSud et nous présentons des zooms des surélévations du plan d'eau sur les zones stratégiques en termes de risques identifiées pour ce scénario.

Nous présentons ici les évolutions temporelles de la propagation des vagues simulées pour les 2 cas les plus impactants identifiés sur les simulations à basse résolution (50m). L'objectif est notamment de mieux caractériser les temps d'arrivée aux côtes et l'évolution de la hauteur d'eau arrivant en un point donné.Par ailleurs, des jauges numériques ont été placées proche des sites spécifiques afin de suivre l'évolution du plan d'eau au cours du temps, leur placement est présenté figure 14.

Figure 17 : Evolution de la propagation des vagues sur le domaine à la résolution de 50m pour le scénario PenteSud. L'échelle de couleurs représente l'élévation du plan d'eau calculée pour chaque point à un point donné.

Figure 19 : Evolution de la propagation des vagues sur le domaine à la résolution de 50m pour le scénario PenteSud. L'échelle de couleurs représente l'élévation du plan d'eau calculée pour chaque point à un point donné.
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Appendix Figure

 A7. Comparison between experimental and numerical simulations of a dry granular collapse on 35° (a-c) and 45° (d-f) slope configurations with beads of 1.5mm in diameter (solid lines) (Experiment 7 and 8 in Table 1) and beads of 4 mm in diameter (dashed lines) (Experiments 1 and 4 in Table 1). 
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. Modèles numériques

En réponse à une demande du MTES, une étude préliminaire de l'impact tsunamis lié à des glissements de terrain, des séismes et des effondrement sous-marins potentiels sur l'île de Mayotte a été réalisée en octobre 2019 par le BRGM (Lemoine et al., 2020) sur la base d'outils de modélisation opérationnels qui intègrent des lois de génération semi-empiriques pour les glissements de terrain. De tels outils ont permis d'envisager un grand nombre de sources potentielles (une soixantaine) et d'ainsi identifier des scénarios d'intérêt. Afin d'améliorer les résultats de submersion liée à des instabilités gravitaires, nous cherchons aujourd'hui à prendre en compte la description précise de la source du glissement pour les scénarios identifiés. Le travail que nous présentons ici est réalisé dans le cadre de la thèse de Pablo Poulain en collaboration entre l'IPGP et le BRGM.

Ces travaux de recherche sont menés sur un nombre de scénarios limité dont les plus impactants (v. section 2 pour le détail des scénarios et Table 6). Les codes utilisés permettent de prendre en compte la dynamique de ces glissements de terrain depuis leur déstabilisation jusqu'à leur dépôt sur les pentes et de quantifier le rôle de cette dynamique dans la génération de la vague. En effet, une description détaillée de la dynamique de la source 'glissement de terrain' est particulièrement importante en domaine de champ proche, i.e., lorsque l'instabilité est proche des zones submergées, comme c'est le cas à Mayotte. (Lemoine et al. (2020)).

Pour cela nous avons couplé deux modèles numériques : un modèle qui décrit précisément la géométrie et la dynamique du glissement de terrain (code HYSEA, Macías J et al., 2017) Ces deux méthodes nous ont permis d'encadrer le temps de couplage idéal pour chaque scénario, compris entre le temps minimal et maximal. Une analyse experte a ensuite consisté à affiner le temps le plus probable situé entre ces deux valeurs.

Comme décrit précédemment, on observe que plus le temps de couplage est grand, plus la zone impactée et les élévations d'eau aux côtes sont importantes (Figure 25). Appendix B -Scénarios d'impact de tsunamis dans le cadre de la crise sismo-tectonique de Mayotte

This appendix corresponds to the synthetic note that was transmitted to the authorities on 15 June 2020.
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