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We present a benchmark study aimed at identifying the most effective modeling approach for tsunami generation, propagation, and hazard in an active volcanic context, such as the island of Stromboli (Italy). We take as a reference scenario the 2002 landslide-generated tsunami event at Stromboli simulated to assess the relative sensitivity of numerical predictions to the landslide and the wave models, with our analysis limited to the submarine landslide case. Two numerical codes, at different levels of approximation, have been compared in this study: the NHWAVE three-dimensional non-hydrostatic model in sigma-coordinates and the Multilayer-HySEA model. In particular, different instances of Multilayer-HySEA with one or more vertical discretization layers, in hydrostatic and non-hydrostatic formulation and with different landslide models have been tested. Model results have been compared for the maximum runup along the shores of Stromboli village, and the waveform sampled at four proximal sites (two of them corresponding to the locations of the monitoring gauges, offshore the Sciara del Fuoco). Both rigid and deformable (granular) submarine landslide models, with volumes ranging from 7 to 25 million of cubic meters, have been used to trigger the water waves, with different physical descriptions of the mass movement. Close to the source, the maximum surface elevation and the resulting runup at the Stromboli village shores obtained with hydrostatic and non-hydrostatic models are similar. However, hydrostatic models overestimate (with respect to non-hydrostatic ones) the amplitude of the initial positive wave crest, whose height increases with the distance. Moreover, as expected, results indicate significant differences between the waveforms produced by the different models at proximal locations. The accurate modeling of near-field waveforms is particularly critical at Stromboli in the perspective of using the installed proximal sea-level gauges, together with numerical simulations, to characterize tsunami source in an early-warning system. We show that the use of non-hydrostatic models, coupled with a multilayer approach, allows a better description of the waveforms. However, the source description remains the most sensitive (and uncertain) aspect of the modeling. We finally show that non-hydrostatic models, such as Multilayer-HySEA, solved on accelerated GPU architectures, exhibit the optimal trade-off between accuracy and computational requirements, at least for the envisaged problem size and for what concerns the proximal wave field of tsunamis generated by volcano landslides. Their application and future developments are opening new avenues to tsunami early warning at Stromboli.
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1. INTRODUCTION

The generation of large tsunamis is a relatively rare phenomenon at volcanic islands on a decadal scale (Latter, 1981; Béget, 2000; Tinti et al., 2003a), but it represents a remarkable risk, in reason of the catastrophic impact it may have along the nearby coasts (Auker et al., 2013; Paris et al., 2013; Paris, 2015). The most common phenomena capable to generate tsunami on volcanic islands are submarine and subaerial landslides (Harbitz et al., 2013; Løvholt et al., 2015; Yavari-Ramshe and Ataie-Ashtiani, 2016). Landslides are particularly frequent at active volcanoes during periods of intense eruptive activity, resulting in overloading and instability in both the submarine and subaerial portions of the volcano flanks (cf. Tibaldi, 2001; Pistolesi et al., 2020), especially on the parts of the edifice characterized by unconsolidated pyroclastic deposits and steep slopes (Bisson et al., 2007; Pistolesi et al., 2020). Rapid pyroclastic avalanches are a special type of subaerial mass flow composed of air and hot pyroclastic particles (ash, lapilli, and blocks produced during explosive eruptions). They are peculiar of volcanic settings and differ from other subaerial landslide by their generation mechanism, which can be associated with the collapse of eruptive jets and/or lava domes, or by the impulsive directional ejection of pyroclasts (Branney and Kokelaar, 2002). Moreover, they are characterized by an initially higher momentum, finer granulometry, and higher temperature, facilitating the built-up of pore pressure (Roche et al., 2011; Lube et al., 2020). For these features, the tsunamigenic capacity of pyroclastic avalanches is still only partially understood (De Lange et al., 2001; Freundt, 2003; Walder, 2003; Watts and Waythomas, 2003; Bougouin et al., 2020).

At Stromboli Island (Aeolian Islands, Southern Tyrrhenian Sea, Italy), the generation of tsunamis represents one among the several relevant hazards associated with ordinary and extraordinary volcanic activity (Rosi et al., 2013) for the shores of the island, for the nearby Aeolian Archipelago, and for the Southern Tyrrhenian Sea (Figure 1).


[image: Figure 1]
FIGURE 1. (A) Topo-bathymetry of the Southern Tyrrhenian sea, with the Aeolian archipelago and the island of Stromboli (dashed inset frame). (B) Map of proximal topographic and bathymetric slopes of the Stromboli volcano.


All known tsunami events at Stromboli were associated with intense explosive and/or effusive eruptions and subsequent landslides associated with gravitational instabilities of the Sciara del Fuoco (SdF) (Tinti et al., 2008; Casalbore et al., 2011; Pistolesi et al., 2020) (Figure 2). At least eight events of tsunami have been recognized since 1900 CE (Maramai et al., 2005b; Rosi et al., 2019; Pistolesi et al., 2020). The largest one was initiated on 30 December 2002 by two landslides (with total volume of the order of 10 × 106 m3 Chiocci et al., 2008) that detached from the submarine and subaerial flanks of the SdF scar (Bonaccorso et al., 2003; Maramai et al., 2005a; Tinti et al., 2006; Marani et al., 2008). The 2002 event is presently taken as a reference for emergency planning by the Italian Civil Protection. Two smaller but more recent events were associated with the July 3rd and August 28th, 2019, paroxysmal events (i.e., eruptions with exceedingly high mass eruption rate, with respect to the ordinary Strombolian activity; Rosi et al., 2013; Giordano and De Astis, 2020; Giudicepietro et al., 2020). Both events generated pyroclastic avalanches along the SdF, whose entrance into the sea triggered two sequences of tsunamis (INGV, 2019; LGS, 2019a,b). Although they did not have significant impact on the island shores (with maximum surface elevation of a few centimeters), they provided first-hand evidence of the capability of relatively small rapid pyroclastic avalanches to trigger water waves (Freundt, 2003; Watts and Waythomas, 2003; Bougouin et al., 2020). The analysis of the witnessed cases of the 20th century suggests in any case a dominant submarine component of the tsunami source mechanism at Stromboli (Maramai et al., 2005b; Rosi et al., 2013). Although probability of occurrence of submarine/subaerial landslides at SdF is not rigorously established yet, in this work we preliminary address submarine landslides and leave the study of subaerial landslides and pyroclastic avalanches for a future work.
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FIGURE 2. Topography and bathymetry of the island of Stromboli. Stars indicate the positions of the actual (1 and 2) and virtual gauges (3 and 4), where simulated waves are sampled. The initial position of the 2002 submarine landslide identified by Fornaciai et al. (2019) is indicated by the circle.


Modeling of tsunamis generated by submarine landslides entails different levels of complexity. Modeling of the tsunamigenic source requires description of the mechanisms of landslide triggering (Harbitz et al., 2006, 2013; Masson et al., 2006; Clare et al., 2018), propagation (Hungr et al., 2005; Pudasaini and Mergili, 2019), and deformation (Løvholt et al., 2015). These difficulties are common also for volcanic mass flows, whose capability to transfer energy to water waves, involving complex multiphase processes and dissipative phenomena, is still largely unknown (Tinti and Bortolucci, 2000; Ruff, 2003; Watts and Waythomas, 2003; Bougouin et al., 2020). For what concerns wave dynamics, volcanic tsunamis share some of the complexities that make the assumptions underlying the wave equations at the open sea fail: the source of the tsunami is almost always close to the shore, where non-linear shoaling effects are significant (cf. Guyenne and Grilli, 2003); the interaction with the coast and with a steep and rapidly varying bathymetry induces significant reflection and refraction effects (cf. Glimsdal et al., 2013); non-hydrostatic effects (i.e., frequency dispersion) are significant due to steep slopes and for the high-frequency component of generated waves on the shallow bathymetry (cf. Grilli and Watts, 2005). For these reasons, non-linear, non-hydrostatic wave dispersive models are recognized to be essential components to simulate landslide-generated tsunamis, including those at volcanic islands (Yavari-Ramshe and Ataie-Ashtiani, 2016).

At Stromboli, numerical modeling of tsunamis has been carried out and reported in a number of previous works, for the 2002 event (Tinti et al., 2006) and for potential scenarios generated outside the SdF area (Tinti et al., 2008), including considerations about extremely large volume landslides with tsunami (Tinti et al., 2000). These simulations have been carried out by means of a Lagrangian block model to compute the motion of the collapsing mass, and a finite-element, shallow water (hydrostatic) model to compute the propagation of the tsunami. The impact on Stromboli Island, on the Aeolian Archipelago and on the Southern Tyrrhenian Sea have been addressed (Tinti et al., 2003b) with a scenario approach based on the knowledge of past volcanic and tsunamigenic activity at Stromboli. However, the use of shallow-water models for landslide-generated tsunamis is nowadays known to suffer severe limitations, due to non-dispersive features and because of relevant three-dimensional effects associated with propagation along steep slopes (Yavari-Ramshe and Ataie-Ashtiani, 2016). For these reasons, Fornaciai et al. (2019) proposed a new numerical simulation work of the 2002 event at Stromboli, in which several landslide scenarios were studied by coupling a rigid landslide with a non-hydrostatic wave model to study the near-shore wave generation and propagation, including wave dispersion, shoaling and diffraction effects. To compute further wave propagation in the Southern Tyrrhenian Sea and the potential inundation, Fornaciai et al. (2019) have used a depth-averaged, dispersive Boussinesq wave model. That study allowed setting further constraints to the magnitude of either submarine and subaerial landslide phases for scenarios compatible with the 2002 event at Stromboli, and highlighted the importance of shoaling and diffraction phenomena which can increase the waves heights locally, with initial wave as large as 10 m and runups on the shores as high as 5–10 m. However, the high computational cost of the used three-dimensional solver (even when run on clusters of parallel processors) made its use for hazard assessment purposes problematic, limiting its use to single scenario analysis and to relatively small computational domains.

In the tsunami community there has been a continuous effort to identify criteria and appropriate validation experiments for the assessment of numerical model reliability. This was aimed especially to seismically induced tsunamis (Synolakis et al., 2007; Horrillo et al., 2015; Lynett et al., 2017), but the need of better understanding landslide-generated tsunamis recently stimulated a comparable effort. In this context, a set of experiments have been proposed as benchmarks for landslide-induced tsunami by Kirby et al. (2018). For conical islands, a specific benchmark based on laboratory experiments has been proposed by Romano et al. (2016), to be used for validation of numerical models (Montagna et al., 2011). Analysis of experimental data allowed Romano et al. (2013) and Bellotti and Romano (2017) to accurately characterize the physical properties of the wave generated by a subaerial, rigid landslide, the inundation mechanism (controlled by the trapped edge-wave) and the energy content of the radiating waves. However, it is still challenging to compare models against natural phenomena, due to the scarcity of the observations, the uncertainty on initial and boundary conditions and complex interactions between subsystems.

In this paper, we present a synthetic benchmark (or model inter-comparison) study aimed at quantifying the impact of different physical and numerical approximations on the resulting waveforms and tsunami inundation patterns at Stromboli, and identifying the most effective trade-off between computational cost and model accuracy. The Material and Methods section describes the landslide and wave models used for the benchmark and the simulation conditions. We take as a reference the 2002 scenario described by Fornaciai et al. (2019) and assess the relative sensitivity of numerical predictions to the landslide and the wave models. In the Results section we present the model results, emphasizing the comparison among proximal waveforms, sampled at the same locations of the two elastic gauges recently installed by Università di Firenze and the Italian Department of Civil Protection near the shoreline of the SdF (http://lgs.geo.unifi.it/; Lacanna and Ripepe, 2020). We also discuss differences in the inundation patterns at Stromboli village, by comparing the maximum wave height on the shoreline with the field data collected after the 2002 event, for different landslide volumes and models. In the context of the development of an early warning system, it is of primary importance to provide a reliable and effective (from the point of view of accuracy and computational time) model able to interpret proximal wave signals, and to potentially assimilate them into a predictive wave propagation model. Such aspects are addressed in the Discussion section, where we also discuss our results in the framework of the recent scientific literature. Finally, in the Conclusion section, we provide a short summary of the main results and an outline of future work.



2. MATERIALS AND METHODS

The two models used in our study (named NHWAVE and Multilayer-HySEA) and shortly described below have been tested against validation laboratory experiments proposed by Kirby et al. (2018) during the Landslide Tsunami Model Benchmarking Workshop (LTMBW, 2017). Their formulation, implementation and validation are documented in the referenced literature. Both numerical codes include a wave generation mechanism describing the landslide and its interaction with the water (Table 1) and implement different approximations of the wave dynamics (Table 2). Their implementation is here described and summarized in Table 3.


Table 1. Different modeling approaches used in this work for the description of the landslide.
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Table 2. Acronym and hierarchy of the different approaches to the modeling of water waves, ordered from top to bottom by decreasing complexity.
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Table 3. Numerical codes and modeling approaches tested in this work.
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2.1. Rigid Landslide Model

In most of the presented numerical results, we adopt a simple conceptualization of the landslides, which considers a rigid sliding mass whose center of mass has prescribed kinematics. The slide has a nearly elliptical footprint on the slope and vertical cross sections varying according to truncated hyperbolic secant functions in the two orthogonal directions (the analytical expression is reported in the Supplementary Material), and it is identified by its length, width and maximum thickness, defining its volume (Enet and Grilli, 2007; Fornaciai et al., 2019). The Rigid Landslide model (abbreviated by the acronym RL in Tables 1, 2) considers the balanced effects of inertia, gravity, buoyancy, Coulomb friction, hydrodynamic friction, and drag forces. These are described by the equation of motion defined by Enet and Grilli (2007) and proposed by Kirby et al. (2018) at the Landslide Tsunami Model Benchmarking Workshop (LTMBW, 2017). They have been adopted by Fornaciai et al. (2019) for the study of the 2002 scenario at Stromboli:

[image: image]

where s is the spatial coordinate, θ is the slope angle, Cm is the added mass coefficient, [image: image] is the landslide over water density ratio, Cd is the global drag coefficient, Cn is the basal Coulomb friction coefficient, g is the gravity acceleration, Ab and Vb are the landslide cross section and volume, calculated from the analytical expression reported in the Supplementary Material. Analytical integration of this equation on a constant slope and for large times gives the semi-empirical prognostic equation proposed by Grilli and Watts (2005) and Enet and Grilli (2007),
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In this expression s0 and t0 are the characteristic distance and time, defined as [image: image], and [image: image], with ut (terminal velocity for large slides) and a0 (initial acceleration) defined as in Grilli and Watts (2005). On the 3D topography, we solve Equation (1) numerically by integrating the x and y components in time with a backward Euler scheme. With the RL model, coupling between landslide and water is essentially due to the transient modification of the bathymetry.



2.2. Granular Landslide Model

The Granular Landslide (GL) model (Savage and Hutter, 1989; Fernández-Nieto et al., 2008), describes the landslide as a deformable, incompressible granular medium with constant average density (i.e., constant porosity) which moves under the competing effect of gravity and frictional forces (Ma et al., 2013, 2015; Macías et al., 2015; Macías et al., 2020b; González-Vida et al., 2019). With the GL model, the landslide-wave coupling is two-way: the bottom landslide movement affects the water column by changing the bathymetry, and the two fluids (the landslide and the water) are coupled through friction terms. On the contrary, the fluctuation of pressure due to the variations of the free-surface can be neglected in the momentum equation of the granular material, thus simplifying the system of equations (Macías et al., 2020b). The comparison between the RL and GL model is carried out by imposing that the granular volume has the same initial shape of the rigid slide and using friction coefficients and density contrast within a comparable range. The rheology of the granular landslide is the most difficult part of the model to calibrate. In this work, we only analyze the results of a granular landslide with one of the two codes, Multilayer-HySEA. The model assumes a Coulomb rheology, with the friction coefficient depending on the landslide Froude number (Pouliquen and Forterre, 2002; Macías et al., 2020b). The friction law is thus characterized by three parameters (three friction angles) μ1, μ2, μ3. We set μ1 = μ3 and as a preliminary study we assessed the sensitivity of the results to variations of μ1 (static friction) and μ2 (reduced friction) in the ranges 0.02–0.18. The uncertainty of the resulting wave amplitude is always <10%. However, it is worth remarking that NHWAVE also includes the possibility of using a deformable granular model (Ma et al., 2013, 2015). Its most recent version (Zhang et al., 2021a,b) includes the possibility to simulate arbitrary bathymetry, viscous or granular slides, and also has non-hydrostatic pressure included in the slide layer.



2.3. Water Wave Models

In our study, we compare results of the two numerical solvers, run with the same initial and boundary conditions, to assess the influence of different physical and numerical approximations, for the specific natural case of Stromboli. Part of our analysis is dedicated to a comparison between hydrostatic and non-hydrostatic approximations. In the former, the condition of pressure being everywhere hydrostatic derives from the assumption of negligible vertical acceleration in the equation of vertical momentum. This is usually a good approximation for shallow-water (thin) flows (having horizontal wavelengths much larger than the flow thickness) and on mild slopes. It is nowadays recognized that non-linear, non-hydrostatic wave dispersive models are essential components to forecast landslide-generated tsunamis (Yavari-Ramshe and Ataie-Ashtiani, 2016), because their wavelengths are smaller and they are generated on steep slopes. However, legacy shallow-water models are still widely used by practitioners and researchers for assessing tsunami risk and impact (e.g., Liu et al., 2020). For this reason, we analyze the hydrostatic limit at Stromboli, in order to quantify the uncertainty associated with such an approximation.

NHWAVE is a 3D shock-capturing non-hydrostatic wave model developed by Ma et al. (2012), which solves the incompressible Navier-Stokes equations using a small number of vertical, boundary fitted, σ-layers. NHWAVE simulates wave generation by either rigid or deformable slides (Ma et al., 2012, 2013, 2015; Zhang et al., 2021a,b), including frequency dispersion effects (associated with vertical acceleration and non-hydrostatic pressure distribution). Terms describing the viscous and turbulent stress can be included in the NHWAVE model, but they were set to zero in the presented simulations. The code has been modified by Fornaciai et al. (2019) with respect to the original landslide treatment (imposing that the rigid body only follows straight trajectories on a constant slope and therefore with a fixed kinematics) in order to solve the landslide motion equation along the bathymetry. NHWAVE has been widely applied to simulate the wave generation stage of some real landslide-generated tsunami events with a RL model (Tappin et al., 2014; Grilli et al., 2015; Fornaciai et al., 2019). More recently, NHWAVE has been used to simulate the 2018 collapse of Anak Krakatau volcano and subsequent tsunami (Grilli et al., 2019), the 1908 Messina (Schambach et al., 2020), and the 2018 Palu (Schambach et al., 2021) tsunamis with a GL model. The NHWAVE model is parallelized using Message Passing Interface (MPI) with non-blocking communication, with domain-decomposition using ghost-cells.

The Multilayer-HySEA model implements one of the multilayer, non-hydrostatic models of the family introduced and described in Fernández-Nieto et al. (2018), in which the three-dimensional model equations are depth-averaged across a number of vertical layers. The governing equations, obtained by a process of depth-averaging, correspond to a semi-discretization for the vertical variable of the Euler equations and are mathematically equivalent to those of the NHWAVE model. The total pressure is decomposed into a sum of hydrostatic and non-hydrostatic pressures. In this process, the horizontal and vertical velocities are assumed to have a constant vertical profile. The proposed model admits an exact energy balance and, when the number of layers increases, the linear dispersion relation of the linear model converges to the same of Airy's theory (Fernández-Nieto et al., 2018). The motion of the bottom surface can be taken into account as a boundary condition. Therefore, this model can simulate the interaction with a slide in the case that the motion of the bottom is prescribed by a function, given by a set of data, or simulated by a numerical model. In the latter case, the bottom layer can represent the motion of either a rigid (RL) or granular (GL) landslide. The new version of Multilayer-HySEA incorporates the possibility of simulating the generation of tsunami produced by subaerial or submarine deformable landslides. The GL motion is modeled by a shallow-water Savage-Hutter type (Fernández-Nieto et al., 2008) model that is weakly coupled with the non-hydrostatic multilayer model through the boundary conditions (i.e., the modification of the pressure term associated with the wave height is neglected). Model description and validation tests are detailed in Macías et al. (2020a,b). The Multilayer-HySEA model can also be run in hydrostatic approximation (in which case, the multilayer formulation is equivalent to the non-linear shallow-Water equations). The Multilayer-HySEA numerical code is designed to run on Graphic Processing Unit (GPU) accelerated High-Performance Computing (HPC) architectures (Escalante et al., 2018, 2019).

Table 2 presents a list of the modeling approaches considered in this study, defining a hierarchy based on the complexity of the underlying physical model and highlighting the approximations and limitations. Table 3 shows the numerical codes tested in this study and the different computational approaches implemented.



2.4. Computational Efficiency

The evaluation of the computational efficiency in the numerical simulation of a tsunami is a fundamental component, together with the accuracy of the approximations and of the numerical solution algorithm, for the choice of the strategy and the numerical model for early warning. Evaluating the suitability of a numerical application requires the identification of specific metrics to compare different models, considering three main factors: (1) accuracy of the model in the description of the phenomenon (physical problem); (2) accuracy of numerical approximations (mathematical problem); (3) efficiency of algorithms (implementation problem). It is indeed always possible to obtain extremely fast computational models by sacrificing the accuracy of the physical representation and/or by using coarser numerical methods, both in terms of spatial/temporal resolution and in terms of mathematical accuracy. In the present case, we make the choice of comparing execution times of the different solvers with the same physics, and on the same physical problem representing a real case. It is worth remarking, however, that such a comparison might be incomplete, because the models might have a different convergent rate to the solution (at decreasing grid size). To check this, a comparison with an analytical test solution should be done, which is left for a future study.

In Table 4 we compare the execution time of the models described above for the simulation of the tsunami generation and propagation in the proximal domain around the Stromboli island. As expected, the hydrostatic models, with the same resolution, are much faster (by a factor of almost 10), since they can exploit efficient computational techniques for hyperbolic systems and do not require the solution of the more complex Poisson equation for the pressure. As for multilayer models, a linear dependence is observed between the number of layers and the execution time. Although MPI-based parallelization has the potential advantage of being more scalable for larger, memory-intensive applications, intrinsic speed-up limits are always associated with the overhead of the MPI, especially for relatively small-size problems. On the other hand, while GPUs are known to perform extremely fast for HPC problems, this is achieved at the price of a more complex programming paradigm and less flexibility in terms of memory usage. For the type and size of problem addressed in this work, resolution on GPU-based accelerated architectures is significantly more efficient. For this reason, we base most of the model sensitivity analysis on Multilayer-HySEA on GPUs.


Table 4. Computational effort for the benchmark test using different numerical models and grid resolutions.

[image: Table 4]



2.5. Simulated Scenarios

We compare the simulation results with different wave and landslide models. Although a complete study on landslide modeling and parameterization is beyond the scope of the present work, we emphasize the importance of the source model in tsunami predictions, and we present a comparison of the influence of the landslide model on the resulting tsunami. The benchmark has been designed to ensure consistency with previous studies by Fornaciai et al. (2019). It relates to the initiation and propagation of the tsunami due to a submarine landslide, described as a rigid body of fixed volume propagating along the trajectory of maximum bathymetric slope, with a kinematic law prescribed by Equation (1). It is worth remarking that, although the volume of the rigid landslide remains the same during propagation, its shape may locally slightly vary because of the bathymetry changes on its bottom. As part of the work, the RL model was implemented in the Multilayer-HySEA code to ensure compatibility with the scenarios simulated by Fornaciai et al. (2019), in which the reference scenario for Stromboli was produced using the NHWAVE (3 layers) model. The geometric and physical parameters used to characterize the landslide kinematics are reported in Table 5. More details can be found in Fornaciai et al. (2019) and in the Supplementary Material. Please notice that the volumes reported in Table 5 are those actually implemented in the simulation model. The values computed with the analytical formula proposed by Enet and Grilli (2007) in Fornaciai et al. (2019) (who reported 6, 10, and 15 × 106 m3), were underestimated by about 15%. It is worth remarking that Enet and Grilli (2007)'s analytical formula has been recently corrected by Schambach et al. (2019).


Table 5. Geometric and physical parameters characterizing the three scenarios of a submarine landslide studied by Fornaciai et al. (2019).

[image: Table 5]

Most of the numerical benchmark tests have been performed on a 10 m resolution mesh on a 9.2 × 6.6 km2 domain, but the effect of the numerical resolution has also been tested. In particular, the error in maximum wave height moving from a horizontal resolution of 20–10 m was <5% in all simulated cases, whereas a grid of 40 m can lead to underestimate the wave height by about 30%. In Table 4, a list of tested resolutions is reported.

For each scenario, and for each model, the following outputs were compared: (1) the sampled waveforms at four different positions, corresponding to the two gauges installed in Stromboli offshore of Punta dei Corvi (gauge 1) and Punta Labronzo (gauge 2) and to two virtual gauges located one in front of Porto dei Balordi (gauge 3) and one near the Strombolicchio reef (gauge 4); (2) the runup, i.e., maximum height reached by the wave in the stretch that goes from Spiaggia Lunga to Porto; (3) the code execution time. The positions of the sampling points are indicated in Figure 2 and reported in Table 5.




3. RESULTS


3.1. Waveforms

Because we take as a reference for our benchmark the scenarios discussed and simulations performed by Fornaciai et al. (2019) with the rigid landslide model, we first analyse the sensitivity of the numerical results to the wave model with the same rigid landslide source. Figure 3 reports the simulated waves at the Punta dei Corvi proximal gauge (gauge 1), for the three simulated volumes of the rigid submarine landslide (7.1, 11.8, and 17.6 × 106 m3). We first observe that the waveform amplitude is directly correlated with the landslide volume, whereas the frequency content is almost independent, showing almost identical sequences of local maxima and minima in the three scenarios. Independency of the wave form on the landslide volume is also observable at the more distal gauge (gauge 4 at Strombolicchio; Figure 4). Waveforms at gauges 2 and 3 are shown in the Supplementary Material.


[image: Figure 3]
FIGURE 3. Wave forms at gauge 1 simulated with different wave models with a rigid landslide (A) V = 7.1 × 106 m3, (B) V = 11.8 × 106 m3, and (C) V = 17.6 × 106 m3.



[image: Figure 4]
FIGURE 4. Wave forms at gauge 4 simulated with different wave models with a rigid landslide (A) V = 7.1 × 106 m3, (B) V = 11.8 × 106 m3, and (C) V = 17.6 × 106 m3.



3.1.1. Effect of the Algorithm and Implementation: NHWAVE vs. Multilayer-HySEA With 3 Layers

As described above, NHWAVE and Multilayer-HySEA models are equivalent from the point of view of the physical formulation (both for the wave and for the source). In particular, the viscous and turbulent viscosity terms (not present in Multilayer-HySEA) are set to zero in this application of NHWAVE. The numerical approximations can also be demonstrated to be mathematically equivalent (cf. Fernández-Nieto et al., 2018; Escalante et al., 2019). Differences between the results are therefore attributable mostly to the different numerical implementations, the accuracy of the discretization and the resolution algorithm.

Continuous black and red lines in Figures 3, 4 compare the results obtained, at a resolution of 10 m, with both models using 3 layers (as in Fornaciai et al., 2019), sampled at gauges 1 and 4. The waveforms obtained with the NHWAVE 3-layers and Multilayer-HySEA 3-layers models are very similar both in amplitude and over time, at least as regards the first peaks and the absolute maximum/minimum, for the three simulated triggering volumes. The same is observed for the two other sampling points shown in the Supplementary Material. This result was expected since the two models are mathematically equivalent. Differences observable in the rest of the wavetrain are possibly associated with reflections and the combined effect of the threshold of minimum depth for wet/dry condition, which was 1 m for NHWAVE and 0.01 m for Multilayer-HySEA. This is especially true at gauge 1, close to the shoreline. At gauge 4, wave oscillations are less influenced by near-shore effects but are influenced by diffraction by the corner of the island (at Punta Labronzo, near gauge 2—Figure 2).



3.1.2. Vertical Resolution Effects: Non-hydrostatic Multilayer-HySEA 1 vs. 3 Layers, With a Rigid Landslide

The comparison between the results of the Multilayer-HySEA non-hydrostatic model with different numbers of layers is aimed at evaluating the physical approximations (in particular, that of “long waves”) in the presence of steep bathymetric slopes where three-dimensional effects and dispersive terms should be relevant. Indeed, adding more layers usually allow to relax the shallow-water approximation (Macías et al., 2020a). Figures 3, 4 show the comparisons obtained with the high-resolution models (10 m). Simulations with 20 layers (computationally more demanding) are carried out only at low resolution (40 m) to ascertain the numerical convergence of the models to almost indistinguishable waveforms for N > 3 (cf. the Supplementary Material). Changing between 1 and 3 layers, differences in non-hydrostatic model results are relatively small for the first positive and negative peaks, but slightly increase for the subsequent oscillations in the proximal and more distal regions (for t > 300 s).

All non-hydrostatic models display a growing water crest above the submarine landslide, which moves at the same velocity and along the same trajectory of the landslide, without propagating in other directions. This effect is associated with the deepening of the bathymetry along the landslide trajectory, which makes the long-wave approximation weaker. It is due to the approximate dispersion laws in the dispersive, non-hydrostatic model, occurring for short wavelengths (H/λ > 1) (Escalante et al., 2019; Macías et al., 2020a). The phenomenon is greatly reduced by the use of a higher number of layers and, in this case and for the simulated domain, it almost disappears for N > 5.



3.1.3. Dispersive Effects: Multilayer-HySEA 3 Layers, Non-hydrostatic vs. Hydrostatic

The comparison between Multilayer-HySEA non-hydrostatic vs. hydrostatic, both with three vertical layers, is aimed at assessing the suitability of the hydrostatic model (which is much more efficient from a computational point of view and attractive in the perspective of early-warning applications) for the simulation of near fields and waveforms. It should be noted that simulations with the 1, 3, or 5 layers hydrostatic model produce identical results, as regards to both the inundation height and waveforms. As expected, the waveforms generated by the hydrostatic models are significantly different from those obtained with the non-hydrostatic models. In particular, a significant increase of the first relative maximum of the leading crest is observed for the hydrostatic models (at about 40 s at gauge 1; Figure 3). This maximum is progressively amplified and becomes the absolute maximum at the most distal sampling points (Figure 4). Moreover, a general divergence of the waveforms is observed for longer times, as associated with the different phase velocity with respect to non-hydrostatic models.

To quantify the effect of the hydrostatic/non-hydrostatic approximation on the proximal (near-shore) waveforms (where monitoring gauges are installed), we have extracted the amplitude of wave minima and maxima and their time of arrival after the triggering of the landslide. In this analysis, we have not considered the positive local maximum of the first crest, since we have already noticed that hydrostatic models have the tendency to largely increase its amplitude. Moreover, to avoid considering all the local amplitude fluctuations, we have set the minimum amplitude fluctuation to 0.66 m (0.55 m for hydrostatic models), which is approximately equal to the amplitude of the last maximum. Table 6 reports the values of the first negative minimum and first positive maximum, and the amplitude and half period of the first, second, and third waves oscillations. Inspection of the results suggests that, beyond increasing the amplitude of the leading positive crest, the hydrostatic model overestimates the period of the first and largest oscillation, and it significantly decreases the amplitude of the second and third ones at the proximal locations.


Table 6. Wave minima and maxima with respect to the average sea level at gauge 1, characterized by the time after landslide release (t) and surface elevation (h).
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3.1.4. Source Effects: Multilayer-HySEA Hydrostatic/Non-hydrostatic With Rigid or Granular Landslide

Figure 5 shows the comparison between waveforms obtained with either a RL or a GL model coupled with either the hydrostatic and non-hydrostatic Multilayer-HySEA wave model, at gauge 1, close to the landslide source. The initial geometric conditions (the volume and shape of the sliding mass, initially at rest) and vertical discretization (3 layers) are the same for the two models, and the friction and density contrasts are set within a comparable range: the differences between the simulated waveforms are only due to the different slide dynamics. For the RL model, the kinematics is prescribed by Equation (1) whereas the GL model computes the motion of a deformable granular fluid with Coulomb rheology.


[image: Figure 5]
FIGURE 5. Wave forms at gauge 1 simulated with a hydrostatic and non-hydrostatic Multilayer-HySEA model with either a rigid or a granular landslide, and three vertical layers. The three subplots are for different landslide volumes: (A) V = 7.1 × 106 m3, (B) V = 11.8 × 106 m3, and (C) V = 17.6 × 106 m3.


The difference associated with the landslide (rigid or granular) source model is comparable to (but somehow larger than) that between the hydrostatic and non-hydrostatic results. At the most proximal gauge (Figure 5), the outcoming wave features a small leading crest followed by an intense depression, typical of submarine landslides. As expected, the leading crest is amplified by the hydrostatic model, more pronouncedly for the rigid landslide case. For the granular model, the first wave depression is deeper, but it is followed by a lower positive peak, resulting in a comparable wave height during the first oscillation. The main wave period appears to be comparable between the two models. As already discussed for Figure 3, the hydrostatic approximation, in both cases, produces a strong amplification of the leading crest.



3.1.5. Vertical Resolution Effects: Non-hydrostatic Multilayer-HySEA 3, 5, 10 Layers, With a Granular Landslide

As for the RL model, the use of many layers N > 3 for the GL model does not significantly change the waveform and the wave height, although some variations in the amplitude of minima and maxima can be noticed. Table 7 reports the amplitude and time of the relative and absolute maxima and minima. To better quantify the influence of the vertical discretization on the wave features, in the Supplementary Material we show the waveforms obtained with Multilayer-HySEA with a granular landslide at gauge 1, with different vertical discretization from 3 to 10 layers. Amplitude of the first maximum can be up to 30% higher using 10 layers, but this is partly balanced by a slightly higher negative minimum. On the contrary, the time of the first maximum/minimum is almost identical in the three cases.


Table 7. Wave minima and maxima with respect to the average sea level at gauge 1, characterized by the time after landslide release (t) and surface elevation (h).
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Figure 6 displays a rendering of the wave propagation and landslide position from 100 to 400 s, for the 17.6 × 106 m3 granular landslide. The comparison among the three different volumes can be seen in the animated results provided in the Supplementary Material.


[image: Figure 6]
FIGURE 6. Sea surface elevation and landslide thickness simulated with the Multilayer-HySEA-GL model, with a landslide volume of 17.6 × 106 m3 and three vertical layers. At t = 400 s the landslide has reached its maximum runout and has almost completely stopped.





3.2. Maximum Surface Elevation and Potential Inundation

The simulation of the inundation process and the actual tsunami runup is very sensitive to the topo-bathymetric resolution, to sub-grid models describing turbulent processes at a scale smaller than the grid size (in our model, this is not considered), and to the minimum thickness threshold specified for the resolution of the wet/dry threshold. The use of a high threshold parameter (1 m thickness) was necessary in our study to ensure the convergence of the NHWAVE model on the complex topo-bathymetry of Stromboli, whereas the Multilayer-HySEA model converged with a thickness threshold of 0.01 m. Figure 7 reports the maximum tsunami runup (i.e., the maximum surface elevation along a transect perpendicular to the coastline) along the coastline, simulated with Multilayer-HySEA and NHWAVE with a rigid landslide, for the three analyzed scenarios. The comparison between the maximum surface elevation simulated with NHWAVE 3 layers and Multilayer-HySEA 3 layers shows a good consistency in their average values. However, these models present some local differences where Multilayer-HySEA 3 layers, with respect to NHWAVE, seems to predict lower values.


[image: Figure 7]
FIGURE 7. Tsunami maximum runup along the stretch of coastline represented by the white solid line in Figure 8, obtained with different wave models with a RL model (A) V = 7.1 × 106 m3, (B) V = 11.8 × 106 m3, and (C) V = 17.6 × 106 m3.


At a qualitative level, it is observed that in both cases the best agreement with the observations on the field data (Maramai et al., 2005a; Tinti et al., 2005) is obtained with a volume of 17.6 × 106 m3 (Fornaciai et al., 2019), consistent with the field estimates (Chiocci et al., 2008). In this region of the island, just behind Punta Labronzo headland, the wave height is very sensitive to the mechanism of reflection/diffraction, which in turn depends sensibly on the wet/dry threshold. Uncertainty of the results is therefore difficult to estimate. A detailed future study of the runups near the coast will clarify the role of this phenomenon in the runup estimates in Stromboli.

Results obtained with hydrostatic and non-hydrostatic formulations are comparable in amplitude and average value even if they are partially out of phase. The non-hydrostatic 1-layer model, compared to the 3-layer model in Figure 7, produces higher runups, probably due to inaccurate approximation of the phase velocity for short wavelengths onshore (Escalante et al., 2019; Macías et al., 2020a).

The GL model predicts smaller waves than the RL model, and a minor coastal inundation. To reproduce the inundation data reported by Fornaciai et al. (2019), a higher landslide volume of 25 × 106 m3 was necessary. Figure 8A presents a map of maximum surface elevation and arrival times for a granular landslide of 17.6 × 106 m3, to be compared with Figure 4 by Fornaciai et al. (2019). Figure 8B reports the maximum surface elevation at the coastline, together with the sampled runup at a number of sites (Maramai et al., 2005a; Tinti et al., 2005). Accordingly to this result, the best agreement with the observations is obtained with a volume of 25 × 106 m3 (Fornaciai et al., 2019), slightly larger but still consistent with the field estimates (Chiocci et al., 2008).


[image: Figure 8]
FIGURE 8. (A) Maximum surface elevation of the tsunami generated by a submarine granular landslide of volume V = 17.6 × 106 m3. (B) Maximum runup obtained with Multilayer-HySEA and granular landslide volumes of V = 17.6, 20.0, and 25.0 × 106 m3, with 3 layers. Red points represent the measurements reported by Tinti et al. (2006) of the tsunami runup for the 2002 event at Stromboli.





4. DISCUSSION

The comparison study carried out in this work is aimed at identifying the most effective modeling strategy to simulate the waveforms generated by submarine landslides occurring at the SdF, a necessary preliminary step to calibrate a warning system based on proximal sea level measurements. In the case of a tsunamigenic event, this approach would be used to reconstruct the source of the detected waves, and to quickly forecast the subsequent impact on the Island of Stromboli, on the nearby Aeolian Archipelago and on the Southern Tyrrhenian Sea shores.

The observation of a correlation between wave height and landslide volume is consistent with some historical observations (Murty, 2003) and theoretical predictions of landslide-generated tsunamis. In particular, Ruff (2003) demonstrated that submarine landslides produce wave heights related to block height, and have wavelengths that scale with block width. By considering a block with uniform thickness moving on a horizontal seabed with constant velocity, Haugen et al. (2005) also showed that the length of the block affects only the wavelength, while the wave height is determined by the thickness of the block, the landslide velocity, and the wave speed (which depends on the water depth). The same dependency was found by Løvholt et al. (2005), for landslides characterized by slow propagation or occurring in sufficiently deep water (i.e., low Froude number; Harbitz et al., 2006). The new results indicate that such a correlation might hold also for deformable (granular) landslides, whose dynamics is governed by gravity, internal and bottom friction, and interaction with the water column. In particular, the wave height scales with the landslide volume (or initial thickness), as predicted by simpler theories, whereas the wavelength is almost independent of the volume. The influence of the initial submergence of the slide, which is a key parameter for the tsunami generation (Løvholt et al., 2005), has not been addressed in this work (the initial position was fixed following the indications given by Chiocci et al., 2008, for the 2002 event).

Differently from subaerial landslides, which produce a first large positive wave, submarine slides produce a first negative wave that propagates as an edge wave around the island causing water to first withdraw (Romano et al., 2016). The animations provided in the Supplementary Material clearly show, as expected, a first negative wave propagating around the island, followed by the arrival of positive waves. The analysis of the waveforms indicates that non-hydrostatic models produce coherent predictions among each other, and that the use of more than 3 layers does not significantly change the features of the proximal waves. The hydrostatic model predicts a first minimum and maximum of the wave at the proximal gauges (which is usually the first peak) consistently with the non-hydrostatic models, but on the contrary it delays the wave propagation, producing different waveforms at later times and lower amplitudes. In addition, the hydrostatic model predicts a larger leading crest, whose amplitude increases with the distance. Although, a priori, it is difficult to evaluate which solution is physically better in a comparison study, the tests carried out on the LTMBW (2017) model benchmark (Macías et al., 2020a) confirm that the form of landslide-generated waves cannot be accurately reproduced by a hydrostatic model (shallow water equations) or even with a one-layer non-hydrostatic model. Schambach et al. (2019) also compared the landslide tsunami simulations with and without dispersion (i.e., hydrostatic vs. non-hydrostatic results for both NHWAVE and FUNWAVE) in the near- ad far-field. For the very large slide volumes considered, they showed moderate dispersive effects in the near-field but very large differences caused by dispersion in the far-field. In our simulations, non-hydrostatic models can introduce spurious shoaling phenomena when the water depth changes in response to bathymetric variations, due to the increase of the relative error in the phase dispersion relations when H/λ increases. This phenomenon (which locally causes wave maxima) is however greatly reduced by using more than 5 layers, reducing the error to about 0.1% for kH up to 15 (k being the wavenumber), or H/λ < 2.4 (cf. Macías et al., 2020a) and it almost completely disappears with 10 layers.

The maximum surface elevation near the coastline is strongly affected by refraction and diffraction processes, and by shoaling effects (Ma et al., 2012), which justify the use of non-hydrostatic models able to account for a vertical component of the velocity (Zijlema and Stelling, 2008; Young and Wu, 2009). However, accurate modeling of near-shore dynamics might require the introduction of a turbulent stress term, to represent three-dimensional shear cascade and breaking of the fronts (Grilli and Watts, 2005). This will be the subject of future investigations.

The main comparisons in this work were made using a RL model. However, comparison of the results obtained with the RL and GL models shows that the two landslide models are not equivalent (although describing the same mobilized volume), and that the uncertainty associated with the trigger model is as relevant as that introduced by the water wave model (cf. Figure 5). The kinematic model for the rigid landslide was originally proposed by Watts (1998) not only for solid landslides but also for a deformable granular mass, with laboratory experiments (e.g., Grilli and Watts, 2005) suggesting that the center of mass motion in a deformable landslide moves in the same manner as a solid block. More recent results however report that RL models generally predict higher waves (Yavari-Ramshe and Ataie-Ashtiani, 2016; Schambach et al., 2019). Also in our simulations, for both the hydrostatic and non-hydrostatic cases the GL model shows a lower tsunamigenic potential. However, it is worth remarking that the amount of energy available to excite the wave obviously depends on the prescribed kinematics of the submarine rigid landslide. Analogously, for submarine granular landslides the rheological parameters (the angle of friction, the Manning coefficient; Table 5) would require prior calibration. Whereas, for subaerial granular flows several experimental (Fritz et al., 2004; Heller and Hager, 2011; Mohammed and Fritz, 2012; Heller and Spinneken, 2013; Bougouin et al., 2020) and numerical (Ruffini et al., 2019) works exist, systematic studies on subacqueous deformable granular landslides are less developed (Yavari-Ramshe and Ataie-Ashtiani, 2017). Grilli et al. (2017) presented and modeled lab experiments for underwater granular flows. They and Schambach et al. (2019) compared the generation of tsunamis by solid and granular slides of same initial geometry and compared also their center of mass motion. They showed that solid slides cause larger waves and runup. Although it is likely that the granular model provides a better representation of flow processes potentially generated by submarine landslides at Stromboli, it is still difficult to define a priori (in the absence of direct measures on the real phenomenon) which one is more realistic. For this reason, current line of research for future studies has been oriented toward developing validation studies for both the RL and GL models implemented in Multilayer-HySEA (Macías et al., 2020a,b).

Distal wave fields (>10 km) have not yet been addressed in this work. Extension of the domain to the whole Southern Tyrrhenian Sea would require nesting of different computational approaches, models and grid resolution to be effective (Fornaciai et al., 2019; Grilli et al., 2019). Simple scaling considerations suggest that the non-hydrostatic model would be necessary also to simulate the wave propagation stage of landslide-generated tsunamis from Stromboli. Indeed, it is generally considered (cf. Bowden, 1983) that the long-wave approximation leading to the shallow-water (hydrostatic) model can be applied to regimes of H/λ < 0.05, i.e., in the case of the Southern Tyrrenian sea (with depths as those of Figure 1), a wavelength larger than 50–100 km. As seen, e.g., in Figure 6, a landslide from the Sciara del Fuoco would generate tsunamis with shorter wavelengths, increasing up to about 6 km on the domain boundaries. Even considering the further development of long-wave components by the effects of bathymetric variations and frequency dispersion, most of the wave propagation in the Southern Tyrrhenian Sea would likely occur in an intermediate regime 0.05 < H/λ ~ 1. Fornaciai et al. (2019) estimated that waves generated by landslide at the SdF would be able to reach the first Stromboli populated beaches in just over 1 min and the harbor in <7 min. After about 30 min the whole Aeolian Arc would be impacted by maximum waves. After 1 h and 20 min, waves would encompass the whole Southern Tyrrhenian Sea arriving at Capri island. This leaves very little time for evacuating the coastal population, and makes it difficult to design an effective Tsunami Early Warning Systems (TEWS) (Selva et al., 2021).

Possible alternative approaches to the three-dimensional solution of the water equations and the granular landslide have been proposed by others, especially in the light of designing effective TEWS for landslide-generated tsunamis, also for volcanic islands. Ward (2001) has first proposed a linear solution for landslide-generated tsunami, based on the superposition of many small simple “square” slides for which a Green's function can be calculated analytically. This has been applied also to potential collapse of the Cumbre Vieja volcano (Ward and Day, 2001). A similar approach has recently been adopted by Wang et al. (2019) to reproduce the tsunami induced by the 1792 Unzen-Mayuyama mega-slide in Japan. Cecioni and Bellotti (2010) have proposed a near-field extension of the Bellotti et al. (2008)'s far-field propagation model based on the Mild Slope Equations, applied to tsunami propagation at Stromboli. Such an approach, based on the inclusion of a new wave source term representing the moving bottom boundary, has the advantage of giving an accurate solution in the far-field without needing many layers and to be accurate enough in the near-field. This is constrained by the approximate description of the source model and it has been tested only for a rigid landslide model. Another alternative approach is to use analytical models to describe the tsunami source, and using single layer wave models for the distal propagation (Liu et al., 2020). However, nowadays, numerical solvers exploiting GPUs allow to achieve unprecedented simulation speed-up and make it possible to approach three-dimensional (multilayer) simulations of tsunamis generated by a granular landslide at Stromboli, and their propagation across the Southern Tyrrhenian Sea. At the same time, three-dimensional simulations will potentially provide a way to interpret proximal waveforms registered by the two elastic gauges installed offshore the Sciara del Fuoco.

Data presented in Table 4 are relative to simulations performed at high resolution and on a relatively small domain of a few square kilometers encompassing the island of Stromboli. Despite execution times are still too large for early-warning (real-time) applications, recent developments of multi-GPU computing for the numerical tsunami models (Escalante et al., 2018) have allowed to significantly speed-up the code execution. These developments will likely make the faster-than-real-time simulation of volcano-landslide-tsunami generation and propagation possible in the future, opening new avenues to urgent tsunami computing, probabilistic tsunami hazard assessment and tsunami early warning (Løvholt et al., 2019; Macías and de la Asunción, 2019).



5. CONCLUSION

We have presented a synthetic benchmark (or model inter-comparison) study aimed at quantifying the impact of different physical and numerical approximations on the resulting waveforms and tsunami inundation patterns at Stromboli, and identifying the most effective trade-off between computational cost and model accuracy. We have taken as a reference the 2002 scenario described by Fornaciai et al. (2019) and assessed the relative sensitivity of numerical predictions to the landslide and the wave models. Present results and comparison with previously published data clearly indicate that dispersive non-hydrostatic models are better suited to reproduce proximal wave forms of landslide-generated tsunamis, and that using multiple layers (three being the optimal compromise in our tests) improves the quality of predictions. To extend numerical prediction to larger domains (characterized by deeper water), different strategies should be adopted. Further studies and technological developments are needed to address this point. In any case, it is apparent that the uncertainty of numerical model predictions associated with the landslide source model is as large as that of the wave model approximation: the comparison between a RL and GL model produces sensibly different results, in terms of wave amplitude, frequencies and attenuation. In the perspective of assimilating in a numerical model the measurement of sea level at the two gauges near the shore of the SdF, to trigger a Stromboli Tsunami Early Warning, it would therefore be important to adopt a coupled non-hydrostatic, multilayer wave model (implemented on GPU to reduce the time of simulation) with an accurate GL model. Future research should particularly focus on validation and calibration of the latter. The results of numerical simulations can be used as a preliminary calibration of the detection system currently operating at Stromboli Island, when direct measurements of waves generated by submarine landslides are not available.

During the course of this study, on July 3rd and August 28th 2019, two paroxysmal events (Giordano and De Astis, 2020; Giudicepietro et al., 2020) generated a sequence of pyroclastic avalanches along the SdF, which entered the sea. Water waves as high as 1 m near the entrance point were detected by the two gauges operated by Università di Firenze, and by a low-frequency mareometer off the coast of the Ginostra village. In a forthcoming work, we will report about the use of the results of the present study to analyze the waveforms produced by the entrance in the sea of pyroclastic avalanches.
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Parameter Value

X, ¥ position of the lansiide center (WGS84, UTM 33) 517563, 4295449
Width, Length (m) 670, 670
Initial depth (m) 293
Thickness (i) 450/74.7/112.0
Volume (m®) 7.1/11.8/17.6 x10°
X, Y position of gauge 1 (WGS84, UTM 33) 516788, 4294437
X, Y position of gauge 2 518427, 4296006
X, Y position of gauge 3 520359, 4295865
X, Y position of gauge 4 521804, 4296463
Landslide density (kg/m®) 2,600

Water density (kg/m®) 1,000
*Global drag coefficient Cy 1.0
*Added mass coefficient C, 1.0
*Goulomb friction coefficient C, 00
**Pouliquen and Forterre (2002) friction coefficients j: 0.02-0.18
*Manning coefficient § 003

“Indlcates parameters used for the AL model. ** Indicates parameters used only for the
GL model.
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Model Number of layers Architecture

NHWAVE 3 Intel Xeon 192 cores*
Multilayer-HySEA NH-RL 1 NVIDIA P100™

3

5

20
Multitayer-HySEA Hydro 1/3/6 NVIDIA P100*

10m
10m
10m
10m
40m
10m

Spatial resolution Number of cells

920 x 660
920 x 660

230 x 165
920 x 660

Total simulated time Approximate wall clock time

600s
600s

600s

12h
1h
3h
5h
30 min
<10 min

*16 x Intel(R) Xeon(R) CPU ES-2630 v3, 2.40 GHz, 192 cores, peak performance 2.5 TFLOPS (=10° Floating Point Operations Per Second). “*NVIDIA Tesla P100 16GB, 3584 CUDA

cores, peak performance 4.7 TFLOPS.
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v Model 1st Min 1st Max istA 2nd A 3nd A

(md) t(s), h (m) t(s), h (m) At (s), Ah (m) At (s), Ah (m) At (s), Ah (m)
7.1 % 108 3NH-GL 46, —1.93 96, 1.28 50,321 30, 1.67 34,1.00
SNH-GL 46, —1.85 78,1.49 32,334 30, 1.58 34, 1.08
10NH-GL 46, -1.78 78,1.68 32,3.46 30, 1.68 34,1.11
11.8 x 108 3NH-GL 46, —3.43 96, 2.61 50, 6.04 30,265 34,171
BSNH-GL 46, -3.29 80, 2.64 34,5.94 28,259 34,1.81
10NH-GL. 46, -3.18 80, 2.89 34,6.07 30,257 34,1.89
17.6 x 10° 3NH-GL 46, —-5.65 96,4.28 50,9.93 28,3.70 38,244
SNH-GL 46, -5.44 80,4.24 34,968 28,361 36,257
10NH-GL 40, -5.27 80, 4.65 34,992 30,367 36,2.63

The A() refer to the difference between the first, second, and third minimum-maximum sequence. The period of each of these pulses is T = 2At. The results are obtained by using the
Multilayer-HySEA (mNH-GL, 3, 5, and 10 layers) for three different volumes of granular landslide.
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v Model 1st Min 1st Max 1stA 2nd A 3nd A

(m®) t(s), h (m) t(s), h (m) At (s), Ah (m) At (s), Ah (m) At (s), Ah (m)
7.1 x 10° 3H-RL 44, —1.65 90, 1.67 46,3.32 32, 1.60 31,1.26
3NH-RL 49, —1.45 85,2.06 36,3.51 41,251 101,1.58
11.8x 10° 3H-RL 44, -2.93 90,3.19 46,6.12 28,283 31,224
BNH-RL 49, —2.60 85,361 36,6.22 40,4.33 98,295
17.6 x 108 3H-RL 45, —-4.87 89, 5.65 44,10.52 29,4.66 33,3.13
BNH-RL 50, —4.40 86,5.84 36,10.24 34,657 93,4.38

The A() refer to the diference between the first, second, and third minimum-maximum sequence. The period of each of these pulses is T = 2At. The results are obtained by using the
Multilayer-HySEA (mH-RL and mNH-RL, 3 layers) for three different volumes of rigid landslides.
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His the water depth and » is the tsunami wavelength.

Approximations
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Same as NS.

Same as NS.

Dispersive waves, non-linear
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Topographic including shoaling
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Phenomena not described
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Dynamics

‘The landslide volume and shape are constant, the
Kinematics of the center of mass are prescribed by a
prognostic equation obtained by balancing the effects of
inertia, gravity, buoyancy, Coulomb (bed) friction,
hydrodynamic friction, and drag forces Enet and Grili,
2007.

The landslide is described by a depth-averaged model
as an incompressible granular fluid, with an empirical
theology and basal friction model Savage and Hutter,
1989. The landslide volume is constant, but the shape
and velocity depend on the water and granular fluid
dynamics Fernéndez-Nisto et al., 2008.

Coupling with wave model

[

. Bathymetric changes (one-way: the water wave does

not affect the landslide).
Landslide-water considered in the kinematic law.

. Bathymetric changes.

Landslide-water friction.
Neglected fluctuations of granular fluid pressure due
to the variations of the free-surface.
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