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Mass movements at Stromboli volcano (Aeolian islands, Italy) have the capability of generating tsunamis, potentially affecting not only the island shores, but the whole Aeolian archipelago and the Southern Tyrrhenian sea. Such mass movements can be associated with subaerial and subaqueous slope instabilities of the Sciara del Fuoco, and with pyroclastic avalanches generated by the explosive activity. In this work, we present a wide set of volcanic mass movement scenarios and the subsequent tsunami generation, propagation and inundation on the Stromboli shores. Scenarios are produced by using a multilayer, depth-averaged non-hydrostatic numerical model able to simulate the dynamics of granular avalanches, their interaction with the sea, and the generation and propagation of the water waves. Five volumes ranging from [image: image] to [image: image] [image: image], and 10 vertical elevations from +322 m above to −584 m under the sea level are analyzed, to encompass the range hypothesized for the 2002 event at Stromboli. Densities of 1,667, 2000 and 2,500 kg/m3 are explored. A total of 150 scenarios is here analyzed. Maps of the maximum wave height, arrival times, and water depth are stored for each scenario. Data include also waveforms at 11 sampling points, two of them corresponding to the two sensor-equipped buoys installed offshore. The most voluminous scenario predicts the largest maximum wave height of several tens of metres close to the Sciara del Fuoco, producing large inundation on the Stromboli shores. The shape of the proximal waves does not change with the volume of the granular mass, but is affected by its initial position. For a given volume, subaerial mass movements have the highest tsunamigenic potential, with the first crest being the highest one, and the responsible for most of the inundation. Moving to subaqueous positions, waveforms are characterized by a first, relatively small crest, followed by a trough and a higher second crest, responsible for the inundation. The effect of the density contrast on the wave elevation appear to be a second-order one. Simulation results are assembled in a publicly accessible database and made available for future hazard and risk assessment studies.
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1 INTRODUCTION
Stromboli is the northernmost volcanic island of the Aeolian archipelago (Italy) in the Southern Tyrrhenian Sea. It is known for its intermittent explosive “Strombolian” activity, which is persistent at the volcano since at least two thousands years. Ordinary Strombolian activity involves continuous degassing and periodic explosions usually lasting for a few seconds and taking place at intervals of tens of minutes. Each explosion ejects incandescent scoriæ, ash and blocks to heights of a few tens to hundreds of metres (Barberi et al., 1993; Rosi et al., 2000), but these products usually fall close to the crater area. The ordinary activity is occasionally broken by more intense effusive (lava flows) and explosive phenomena (major explosions and paroxysms) (Rosi et al., 2000; Bevilacqua et al., 2020b). Major explosions are qualitatively similar to ordinary explosions, but they are comparatively more intense, they generate higher ash plumes (up to about 1 km) and they are able to eject metre-sized bombs and blocks reaching distances of several hundred of metres. Paroxysms are the most energetic explosions observed at Stromboli: they can last up to a few minutes and they are able to eject up to metre-sized pumiceous/scoriaceous bombs and lithic blocks at distances up to 2.5 km from the vents. They usually form convective tephra plumes rising 3–4 km above the vents (up to 10 km in the largest-scale events) and are able to generate pyroclastic currents, as a result of the collapse of the volcanic column and crater rims (Rosi et al., 2013; Di Roberto et al., 2014; Giordano and De Astis, 2020).
Associated with the most intense volcanic activity, the occurrence of tsunamis is clearly testified by historical chronicles and sedimentological analysis (Rosi et al., 2013; 2019; Pistolesi et al., 2020; Schindelé et al., 2024). In particular, mass movements capable of generating tsunami by the entrance into the sea have been associated with subaerial and submarine slope instabilities of the unconsolidated volcanic sediments (tephra, scoriæ and lavas) accumulated on the steep volcanic slope, but also with pyroclastic avalanches generated by the explosive activity, in particular by major explosions and paroxysmal eruptions (Rosi et al., 2000; Bevilacqua et al., 2020b; a). Since the beginning of the XX century CE, there is evidence of at least five relevant tsunamis (i.e., large enough to be observed and to affect the shores of the Stromboli village) (Maramai et al., 2005b; Marani et al., 2008; Rosi et al., 2013; Pistolesi et al., 2020). The last relevant event took place on the 31st of December 2002 (Maramai et al., 2005a; b; Tinti et al., 2005; Bonaccorso et al., 2003), triggered by multiple collapse events that occurred after days of intense effusive activity (Chiocci et al., 2008; Rosi et al., 2013) on the Sciara del Fuoco. This event produced a tsunami with run-up heights locally up to several metres, severely damaging many buildings but fortunately resulting in no casualties (Maramai et al., 2005b). Since 2019, other tsunamis have been observed, all associated with pyroclastic flows generated by paroxysmal eruptions (Calvari et al., 2022; Giordano and De Astis, 2020) or minor flank instabilities during periods of high eruptive intensity. Such events are relatively small compared to the 2002 event (Ripepe and Lacanna, 2024), and will not be addressed in this work.
Sciara del Fuoco (SdF) is a horseshoe-shaped depression in the NW sector of Stromboli volcano, which is 1700 m wide, 30° steep, and extends underwater to a depth over 2000 m. It was formed by repeated, large flank collapses of the volcano, starting about 13 ka (Tibaldi, 2001). The present lateral walls of the SdF are hypothesized to be the result of a large collapse that occurred about 6,000 years ago, whereas the most recent, large collapse probably took place in the Middle-age (Tibaldi, 2001; Rosi et al., 2019). Currently, the configuration of the SdF, its degree of filling by the fragmentary eruptive products of various grain sizes (bombs, lapilli, ashes and clinkers) alternating with lava flows of modest thickness (Marsella et al., 2009), and the position of the eruptive vents located at the top of the structure, make it prone to instability and episodes of partial collapse (Apuani et al., 2005; Romagnoli et al., 2009; Nolesini et al., 2013; Di Traglia et al., 2023b), with associated potential tsunami generation (Casalbore et al., 2020; Casalbore et al., 2011). The recent 2019 paroxysms, with the generation of pyroclastic avalanches (Calvari et al., 2020; Giordano and De Astis, 2020; Ripepe and Lacanna, 2024) and the instability episodes that occurred in 2021–2022 (Calvari et al., 2022), claim for an urgent, quantitative evaluation of the tsunami hazard associated with mass movements on the Sciara del Fuoco (Turchi et al., 2022).
This work follows a previous study by the same authors (Esposti Ongaro et al., 2021), in which we calibrated and validated our model by comparing numerical results with the observations of the 2002 event at Stromboli, and with previous studies by Fornaciai et al. (2019). Here, with an approach similar to that adopted in other tsunami hazard studies (Selva et al., 2021), we present and discuss a large set of numerical simulations of volcanic mass movements, and the subsequent tsunami generation, propagation and inundation on the Stromboli shores. The simulated scenarios have been chosen in a volume range compatible with the 2002 event, which has been taken as a reference case by the Italian Civil Protection (Dipartimento della Protezione Civile, 2015). The database of the scenarios computed in this study will be used in a following work for probabilistic hazard assessment.
Section 2 summarizes the motivations at the basis of the choice of a multilayer, two-fluids model, and the main features of physical/numerical solver. The set of numerical parameters defining the scenarios is described in Section 3. Model sensitivity analysis, and a preliminary quantitative assessment of model uncertainty is presented in Section 4. Section 5 illustrates the main results of the study with analysis of the tsunami waveforms and representation of the inundation patterns. In Section 6 we discuss some of the most relevant aspects deriving from the comparison of different scenarios, and the implications for hazard assessment. Finally, in Section 7 we summarize the outcomes of this work, give the references for accessing the database of the results, and draw a perspective for future works on tsunami hazard and risk assessment at Stromboli.
2 NUMERICAL MODEL OF TSUNAMI GENERATION AND PROPAGATION
In a previous study (Esposti Ongaro et al., 2021), we have reviewed several different modeling approaches (Tinti et al., 2000; 2005; 2006; 2008; Cecioni and Bellotti, 2010; Yavari-Ramshe and Ataie-Ashtiani, 2016; Fornaciai et al., 2019; Grilli et al., 2019) to conclude that non-hydrostatic, multilayer depth-averaged models are appropriate to simulate proximal waveforms of landslide-generated tsunamis on volcanic islands and the subsequent propagation in the deep sea. Using multiple layers (three being the optimal compromise with the required computational effort in our tests) improves the quality of predictions. We then presented several scenarios for tsunamis generated by a submarine mass movement at Stromboli by using the Multilayer-HySEA model (Macías et al., 2021a; Macías et al., 2021b), and inspected the sensitivity of the results to several numerical parameters. A reference scenario that best-fit the observed impact of the 2002 event at Stromboli was chosen, restricting the analysis to the submarine mass movement trigger mechanism. In this paper, we adopt the same physical and numerical model of Esposti Ongaro et al. (2021) and extend the simulation study to a wider range of volumes, densities and initial (both subaerial and submarine) positions of the granular mass.
2.1 Model
The Multilayer-HySEA model (Macías et al., 2021a; b) implements a two-phase (granular mass flow plus water) two-way (coupled interaction between the two phases) model intended to reproduce the interaction between the granular slide (submarine or subaerial) and the sea. The model has been validated against laboratory experiments (Kirby et al., 2018), using data proposed by the US National Tsunami Hazard and Mitigation Program (NTHMP).
Figure 1 shows a schematic picture of the model configuration. The subscript [image: image] indicates throughout the paper the landslide or the granular flow in general. The variable [image: image] and [image: image] represent the thickness of the granular layer and the water depth, respectively. The latter is decomposed along the vertical axis into [image: image] number of layers. [image: image] is the unchanged non-erodible bathymetry measured from a fixed reference level, while [image: image] is the free-surface elevation (either positive or negative) measured from a fixed reference level (the sea level), [image: image]. Accordingly with most of the tsunami literature (e.g., Murty, 2003) we use wave height for the positive value of [image: image]. We define crest and trough as the positive and negative local maximum of the wave, respectively, and define amplitude as the magnitude of the free surface elevation [image: image], or as half the difference between an adjacent peak and trough.
[image: Figure 1]FIGURE 1 | Schematic diagram describing the multilayer, two-phase model (Macías et al., 2021b).
The averaged horizontal velocity for the granular material is [image: image], while the depth-averaged velocities in a given layer [image: image] in the [image: image] and [image: image] directions are written as [image: image] and [image: image], respectively. The non-hydrostatic pressure at the interface [image: image] is denoted by [image: image].
If [image: image] denotes one of the generic variables of the system, and noting [image: image]:
[image: image]
and,
[image: image]
The mass flux across interfaces is indicated by the terms [image: image]:
[image: image]
and we assume that there is no mass transfer through the granular-water interface or the water-free surface:
[image: image]
In the model, the granular mass is described as a fluid, using the depth-averaged thin-layer equations for a granular flow (Savage and Hutter, 1989), implementing the Pouliquen and Forterre (2002) friction law. The landslide/granular flow model is written (here for the 1D case) as:
[image: image]
The first equation in Equation 1 expresses the depth-averaged conservation of the granular mass; the second equation is the balance of the horizontal momentum, assuming an isotropic stress distribution. The vertical component of the momentum equation reduces to the hydrostatic equation for the pressure. The term [image: image] parametrizes the friction between the granular flow and the water, detailed in Equation 4 in Section 2.2, while [image: image] describes the friction at the bottom interface, detailed in Equations 5–8 in Section 2.3. The parameter [image: image] is the gravitational acceleration, while [image: image] (Equation 2) represents the ratio between the density of the ambient fluid and that of the granular material (which we assume are constant) and is set to 0 for a subaerial landslide. In water, if [image: image], [image: image] and [image: image] are used to indicate the water fluid, the solid grain, and the granular flow bulk constant densities, and with [image: image] indicating the granular flow porosity, we have:
[image: image]
The water fluid is modeled using a multilayer non-hydrostatic shallow-water system (Fernández-Nieto et al., 2018) to account for dispersive waves in the water. Unlike standard one-layer shallow-water approaches, the model is non-hydrostatic, a feature of the model proven to be critical in the presence of steep bathymetric slopes and/or when the wavelength is comparable with the water depth (Yavari-Ramshe and Ataie-Ashtiani, 2016; Macías et al., 2021b; Esposti Ongaro et al., 2021). In other words, the proposed approach allows the simulations to account for non-linear effects while accurately capturing relevant dispersive effects. This is achieved by discretizing the water column into a number of vertical interacting layers and decomposing the pressure into the sum of hydrostatic and non-hydrostatic components. When the number of layers increases, the dispersion relation of the model converges to that of Airy’s theory. The model is written (for the 1D case) in compact form for a 2D geometry as:
[image: image]
for [image: image], is the layer index, and [image: image] is the number of layers. In the first equation, [image: image] represents the average velocity defined as:
[image: image]
The first equation in system 3 (Equation 3) expresses the mass conservation; the second and third are the horizonal and vertical momentum balance. The first two terms on the right-hand side of the second equation represent the hydrostatic and non-hydrostatic components of pressure force, respectively. Here, [image: image] denotes the non-hydrostatic pressure in the given layer [image: image]. The [image: image] factor accounts for the change of pressure associated with the variations of layer thickness. The third and fourth terms represent the exchange of horizontal momentum between layers, associated with the mass flux transfer terms. In addition, the terms [image: image] account for the coupling of the two phases through the water-granular and water-bottom friction models, to be detailed in Equation 2 in Section 2.2. In the third equations, the first term on the right-hand side represents the vertical acceleration due to the non-hydrostatic pressure, while the last two terms account for the exchange of vertical momentum between layers. Please note that in a non-hydrostatic formulation, the vertical component of the velocity is not negligible, and a mass flux [image: image] across the layer interfaces can be present. The last equation expresses the incompressibility constraint.
In order to close the system, the following boundary conditions are imposed at the free-surface and at the granular-water interface
[image: image]
The last two conditions enter into the incompressibility relation, [image: image], for the lowest layer [image: image], given by
[image: image]
It should be noted that the water and the granular layers are coupled through the unknown [image: image], which is in both the equations and in the boundary condition.
The set of system 3 (Equation 3) is solved on the whole domain where the water thickness exceeds a given threshold (set to 1 cm), including those portions of the topography initially dry and eventually reached by the water wave. In other words, no additional model is imposed to compute onland inundation.
2.2 Water friction model
The classical Manning-type parameterization for the bottom shear stress, [image: image], has been adopted for the lower layer, and the coupling between the water and granular phases is described by the term [image: image] in Equation 4
[image: image]
Here, [image: image] is given by
[image: image]
[image: image] being the Manning coefficient (see Section 3 for the values used for the Manning coefficient).
Finally, the coupling between the phases is modeled by the drag term
[image: image]
proportional to the velocity difference between the two phases. That terms allows to take into account pressure variations induced by the fluctuation on the free surface of the water fluid over the granular flow. The implications of such an assumption, introduced to ease the numerical solution, are extensively described by Macías et al. (2021b).
2.3 Granular friction model
The rheology of the granular material is probably the most important and most difficult constitutive model to constrain. The stress tensor in a granular flow depends on the properties of the material (density, shape, roughness, composition, size distribution of the grains) and of the interstitial fluid, and on the dynamical regime (from the quasi-static to a frictional weakening regime) (see, for example, Jop et al. (2006) and the references therein).
In this work, the unified rheological model for the variety of granular regimes proposed by Pouliquen and Forterre (2002) has been adopted. The definition of [image: image] is given by:
[image: image]
where the friction coefficient [image: image] is not constant but depends on the granular layer thickness [image: image], and on the flow regime, indicated by the Froude number:
[image: image]
[image: image]
where [image: image] and [image: image] are empirical parameters. The start and stop friction parameters are expressed by.
[image: image]
[image: image]
In which [image: image] and [image: image] are the characteristic angles of the material in start and stop conditions. [image: image] is another friction angle that, in laboratory experiments, expresses the dependence of the rheology from flow thickness and velocity (Pouliquen and Forterre, 2002). The parameter [image: image] is an empirical length scale, set to [image: image] m. If [image: image] the friction coefficient becomes a constant equal to [image: image].
2.4 Discretization and numerical solution
The model is solved in Cartesian coordinates. The system of equations is discretized using a second-order finite volume PVM positive-preserving well-balanced, path-conservative method (Castro and Fernández-Nieto, 2012). The numerical solution scheme is based on a two-step projection-correction method, similar to the standard Chorin’s projection method for Navier-Stokes equations (Chorin, 1968). That is a standard procedure when dealing with dispersive systems (see Escalante et al. (2019) and references therein). The resulting numerical scheme is well-balanced for the water at rest solution and is linearly [image: image]-stable under the usual CFL condition related to the hydrostatic system. It is also worth mentioning that the numerical scheme is positive preserving and can deal with emerging topographies. The 2D numerical algorithm of the coupled system is parallelized and implemented in GPU and multi-GPU architectures (Escalante et al., 2018; Macías et al., 2021b) for faster execution.
3 SCENARIO DEFINITION
In this work, we use Multilayer-HySEA to simulate both subaerial and submarine mass movements at the Sciara del Fuoco, providing a wide set of tsunami scenarios at Stromboli for a range of initial conditions. The values of the initial condition parameters are set to be compatible with those hypothesized for the 2002 event. We hereby report on the most important parameters analyzed in this study, and on the physical and geological constraints used to define their ranges of variability. Sensitivity studies are made on the waveforms, i.e., the elevation of the free surface sampled in time at specific measuring points (gauges; Figure 2): four proximal and two medium-distal locations offshore the Sciara del Fuoco, and three locations close to the Stromboli village. By taking as a reference length scale the size of the island ([image: image] km) we will refer as to proximal distances [image: image] (gauges 0 to 3, and 6) and to medium-distal locations [image: image] (gauges 4,5 and 7–10). We do not assess distal [image: image] propagation in this work.
[image: Figure 2]FIGURE 2 | (a) Map of the position of the real (in red) and virtual (in white) gauges where the tsunami waveforms have been sampled. Landslide initial positions are marked in green; (b) enlargement of blue box in (a) Coordinates expressed in the WGS-84 33 N system. Dashed lines are isobaths in m.
Granular mass volume. According to Chiocci et al. (2008), the 30 December 2002 tsunami at Stromboli was initially caused by a [image: image] [image: image] entirely submarine slide. The removal of confinement by the first submarine slide then led to the failure of part of the subaerial slope ([image: image] [image: image]) and the rest of the submarine one ([image: image] [image: image]). The slide debris evolved into gravity flows that eroded the submarine slope to greater depths, accounting for the displacement of at least an additional [image: image] [image: image] of material. In total, about [image: image] [image: image] would have been mobilized during the instability process, in several discrete events. This is compatible with the results of the numerical study by Fornaciai et al. (2019), who concluded that the observed impact of the tsunami at Stromboli is compatible with a compound scenario consisting of a submarine landslide of about [image: image] [image: image] and a subaerial landslide of [image: image] [image: image]. In our work, we consider a volume of [image: image] [image: image] as an upper bound (because the 2002 event took place in distinct phases) and [image: image] [image: image] as a lower bound. To keep the consistency with previous works, we assumed that the granular mass has an initial elliptical footprint on the slope (with one axis parallel to the main slope) and vertical cross sections varying according to truncated hyperbolic secant functions in the two orthogonal directions (Fornaciai et al., 2019; Esposti Ongaro et al., 2021).
 Initial elevation. We have sampled four subaerial and six submarine initial positions of the center of mass of the landslide along the central axis of the Sciara del Fuoco, from −583 m to +328 m, consistently with observations of the 2002 event (Chiocci et al., 2008). Potential instability of the crater area at higher elevations has been observed during ordinary and extraordinary eruptive activity (Di Traglia et al., 2023a; Giudicepietro et al., 2023), but this would likely involves smaller volumes ([image: image] [image: image]), which will not be considered in this study.
Density contrast. The ratio between the water and granular mass densities depends on many factors, including the initial porosity of the unconsolidated sediments, the amount of air entrained in the subaerial propagation of the granular material, the amount of sea water entrained in the submarine motion. We have assumed different density contrast ([image: image], Equation 2) between the water and the submarine granular flow (Supplementary Figure S28). As this value is extremely difficult to constrain from observations, we have considered a set of values [image: image], corresponding to a granular bulk density of [image: image] kg/m3. Such densities correspond to granular volume fractions of [image: image] assuming a non-vesiculated basalt of 2,850 kg/m3 (Pistolesi et al., 2008), or [image: image] assuming a density of the vesiculated solid grains (basaltic scoriæ) of 2630 kg/m3. It is worth noting that only the value of [image: image] directly enters the model.
4 SENSITIVITY STUDY
In a prior sensitivity study, we have analyzed, for only one volume ([image: image] [image: image]) and one location (submarine granular volume with center of mass at −200 m), the sensitivity of the resulting proximal waveforms to several geometrical, physical and numerical parameters. The results of the sensitivity study are detailed in the Supplemental Data, of which we report here only the main outcomes. Table 3 summarizes quantitatively the results of the sensitivity analysis, measuring the influence of each input parameter on the maximum wave height measured at Gauge 0.
Granular volume initial aspect ratios. We have tested the effect of the initial shape by varying, at constant volume, the horizontal aspect ratio (the ratio between the transversal and longitudinal axes with respect to the direction of the maximum topographic slope) of the collapsing mass from 0.25 to 4, while the initial maximum thickness of the granular flow was varied from 56 to 224 m (Supplementary Figures S211). In general, the granular flow initial thickness has little influence on the proximal waveforms, with the exception of the first trough which is always deeper for thicker granular flows. On the contrary, the positive crests are always of comparable height. At medium-distal gauges, thicker granular mass movements seem to increase the high-frequency content of the tsunami, but the trends do not look significant. The horizontal aspect ratio has a more significant influence on the initial waveform. In particular, elongated slides produce a deeper trough and a higher first crest, with variations of up to 27%, in magnitude. However, this initial increased amplitude at the proximal gauges is not observed at more distal ones. In conclusion, we estimate that the horizontal-to-vertical and the transversal-to-longitudinal granular volume aspect ratios have relatively little influence on the generated waves. In the following analysis, we have then considered constant 6:1 (width to thickness) and 1:1 (length to width) aspect ratios, respectively.
Horizontal granular mass position. The initial position of the barycenter of the granular mass on the same isobath has been varied with respect to the central axis of the Sciara del Fuoco, in two positions displaced 440 m along NE and 395 m along SW (Supplementary Figures S1617). The proximal waveforms are quite sensitive to the horizontal position (with a variability range of around 10%), but comparably less significant than other parameters.
Rheological parameters. The friction parameters for both the granular and the water mass have been described in Sections 2.3, 2.2. Such models need a preliminary calibration. For the water layer, the Manning coefficient is taken in the range [0.005, 0.01, 0.02, 0.05] s m−1/3 (Gibbons et al., 2022). For the granular rheology, the friction angles [image: image] and [image: image] are characteristic angles of the material, and [image: image] is related to the behavior of the slide motion at landslide initiation (Supplementary Figures S1927).
Since a database of granular mass movements of unconsolidated tephra is not available at Stromboli, we have adopted values of the parameters within the calibration range by Brunet et al. (2017) and from the previous literature (Pouliquen and Forterre, 2002):
[image: image]
As a first test, we inspected the influence of the [image: image] parameter, by fixing [image: image] and [image: image]. The influence of [image: image] is expected to be relatively small, since the coefficient in Equations 7, 8 is always dampening its contribution. The resulting plots are presented in the Supporting Information. The proximal waveforms are almost indistinguishable, but on the medium-distal gauges a decrease by almost 25% of the wave amplitude is observed, on the first crest, for the highest values of [image: image].
A second set of tests has been carried out by varying the values of [image: image]. The results are consistent for all values of [image: image] in the selected range discussed above. The wave at both proximal and medium-distal gauges maintains the same form, but the amplitude is significantly affected by the value of the friction angle. Unlike the effect of [image: image], both crests and troughs are proportionally affected, with a reduction of the wave amplitude by more than 25% when increasing [image: image] from 7 to 20°.
This is clearly one of the major uncertainties in the predictions, that we will discuss in Section 6. In this work, for the simulation of tsunami scenarios, we adopted a conservative approach and we chose to use the lowest values (in the proposed range) of the friction angles.
[image: image]
[image: image]
Numerical parameters: number of layers. The influence of the model approximation and number of layers has been widely described by Esposti Ongaro et al. (2021). We have repeated the sensitivity tests in this work with (1,2,3,4,5,10) layers (Supplementary Figure S30), and confirmed the previous results, i.e., that the one-layer solution strongly differs from the multilayer ones, and that above three layers there is basically no difference in the waveforms. We therefore adopted three water layers over the entire study.
Numerical parameters: grid resolution. We have repeated simulations with grid resolutions of 10 m, 20 m, and 40 m (Supplementary Figure S18). As expected, the frequency content increases at higher resolution. With the 40 m grid the maximum wave height is reduced up to 10% (Table 3). Such an error is associated to the changes in topobathimetry close to the shoreline. To reduce the error, we decided to use a 20 m grid as a compromise between spatial resolution and computational cost of the simulations. The cost of a single run (600 s of simulation) on the spatial domain represented in Figure 2 with 20 m resolution is 7,200–10,800 s on a on a Linux server with 40 Xeon X cores and one NVIDIA Tesla P100 16GB, 3584 CUDA cores, having a nominal peak performance of 4.7 TFLOPS.
In summary, the results of the sensitivity analysis clearly highlight the dominant role of the initial volume and position of the landslide. Rheology also significantly affects the results, as discussed above. The aspect ratio appears to have a comparable influence, but it is worth noticing that analyzed range (0.25–4.00) of aspect ratios is much wider than what is typically observed for landslides.
5 RESULTS
The combination of parameters reported in Table 1 results in a total of 150 simulated scenarios. Every run has been automatically post-processed to produce geo-referenced maps of the maximum wave height, arrival time and inundation, and timeseries of the free surface elevation at ten discrete points (waveforms). The arrival time is the time of the arrival of the first crest, measured with a threshold of 1 cm. The inundation on land is represented by the maximum water depth above the topography. Waveforms sampled at several discrete points (virtual gauges) have been saved for each run, both in data and image formats. The sampling positions are listed in Table 2 and represented in Figure 2.
TABLE 1 | Parameters defining the simulated scenarios.
[image: Table 1]TABLE 2 | Positions of the virtual gauges where the tsunami waveforms have been sampled (X and Y are longitude and latitude in UTM coordinates. Positions 0 and 3 correspond to the two real gauges installed offshore the Sciara del Fuoco at Stromboli.
[image: Table 2]In the following, we analyze the influence of the three parameters reported in Table 1 on the resulting waveforms, limiting the analysis to a subsample of the simulation ensemble, from 5 to 14 [image: image] [image: image]. The simulation data are available online for further analysis in Cerminara et al. (2024).
5.1 Granular flow density
The effect of the granular flow density has been evaluated on all scenarios. In all simulated cases, the density of the granular mixture has a second-order effect, affecting only slightly the height of the first crest. Figure 3 shows the waveforms at the proximal gauge 0 for (a) subaerial and (b) submarine granular mass movements of 14 [image: image] of [image: image] (here, only initial positions 1 (+328 m) and 7 (−375 m) are displayed). The waveforms are almost coincident, except for a 10%–20% increase in amplitude of the first crest/trough for submarine movements (see Table 3). These trends are similar at gauge 3, and for either smaller or larger volumes. For these considerations, the granular flow density will be considered, from now on, as one of the sources of uncertainty, and the following analyses will only consider runs with a density contrast of 0.5 (i.e., a bulk density of the granular flow of 2000 kg/m3).
[image: Figure 3]FIGURE 3 | Waveforms generated by (a) subaerial (+328 m) and (b) submarine (−375 m) mass movements of 14 [image: image] [image: image] at gauge 0 (Punta dei Corvi), for density contrasts of 0.4, 0.5, 0.6 (densities of 2500, 2000, and 1667 kg/m3).
TABLE 3 | Sensitivity index [image: image] for different input parameters, varied individually. [image: image] denotes the maximum wave height, subscripts max [image: image] indicate the maximum and minimum value in the ensemble, while [image: image] is the mean value; [image: image], and [image: image]
[image: Table 3]5.2 Granular flow volume
The initial volume of the granular mass is certainly the most important parameter controlling the generation and impact of the subsequent tsunami. In our simulations, at the proximal gauges, the volume of the granular mass movement directly correlates with the maximum wave height (Figure 4). The differences in the waveforms are, in general, relatively small, and mostly associated with an increase in the high-frequency component of the waves with increasing volumes, for both submarine and subaerial landslides. Some dependency of the waveform on the volume can be observed for subaerial mass movements, because of the different triggering time, but also because subaerial flows change their shape more rapidly during propagation and can have different aspect ratios at the impact with the sea. It is also clear from these plots that subaerial mass movements have a much higher potential to generate high waves, at equal volume. In the next section, we will discuss in more detail the differences associated with the initial position of the granular mass.
[image: Figure 4]FIGURE 4 | Waveforms generated by (a) subaerial (+328 m), (b) intermediate (−63 m) and (c) submarine (−375 m) mass movements at gauge 0 (Punta dei Corvi), for volumes from 5 to 30 [image: image] [image: image]. The same trends are observed at the proximal gauge 3 (Punta Labronzo).
In Figure 5, we plot the same waves sampled at gauge 5, about 5 km offshore SdF. The waves generated by subaerial mass movements (plots a and b) evolve into coherent wavetrains, with a clear direct correlation of the amplitude with the volume. The wave generated by a submarine mass movement (c) has lost its distinctive first trough, while a leading crest appeared.
[image: Figure 5]FIGURE 5 | Waves generated by (a) subaerial (+328 m), (b) intermediate (−63 m) and (c) submarine (−375 m) mass movements at gauge 5 (offshore SdF), for volumes from 5 to 30 [image: image] [image: image].
A leading crest characterizes waveforms from submarine landslides also at gauges 8 and 10. In this case, however, such feature is associated with complex reflection/refraction processes occurring close to the shoreline. Figures 6, 7 show the evolution of the waveforms close to the Stromboli (gauge 9) and Ginostra (gauge 10) villages. In all cases, the leading crest does not correspond to the maximum free surface elevation. Instead, it is followed by a negative trough and by a second, more elevated crest. In any case, the distinctive direct correlation between the maximum wave height and volume remains valid also at more distal locations.
[image: Figure 6]FIGURE 6 | Waves generated by (a) subaerial (+328 m), (b) intermediate (−63 m) and (c) submarine (−375 m) mass movements at gauge 9 (Stromboli village shores), for volumes from 5 to 30 [image: image] [image: image].
[image: Figure 7]FIGURE 7 | Waves generated by (a) subaerial (+328 m), (b) intermediate (−63 m) and (c) submarine (−375 m) mass movements at gauge 10 (Ginostra village shores), for volumes from 5 to 30 [image: image] [image: image].
5.3 Granular mass elevation
In the analysis of the influence of the initial position of the granular mass, we distinguish between subaerial and submarine mass movements, and consider four subaerial and six submarine positions (Table 1). The two shallow submarine positions at −63 m and −180 m manifest intermediate behaviour, so we display the former in the subaerial and the latter in the submarine sets. Since we have already shown that the volume of the granular mass influences only the wave amplitude and to a lesser extent its shape, we here show the results for only one (intermediate) volume of 14 [image: image] [image: image].
Figure 8 shows the waveforms at the proximal gauge 0 (Punta dei Corvi), for subaerial (a) and submarine (b) mass movements.
[image: Figure 8]FIGURE 8 | Waveforms generated by (a) subaerial, and (b) submarine mass movements of 14 [image: image] [image: image] at gauge 0 (Punta dei Corvi), for different initial positions.
For subaerial mass movements, the height of the first crest depends on the initial position, but counterintuitively, the largest one is associated with the lower subaerial positions. Inspection of the results reveals that this is due to the fast deformation of the granular mass, that elongates during the descent along the slope from the highest positions, thus reducing the rate of volume injection in the sea. Despite a remarkable difference in the first positive and negative peaks, the subsequent waveform is relatively insensitive to the initial position. Our findings are consistent with those of Fine et al. (2003) for granular slides. They showed that the highest amplitude occurs for slides initiated near the coastline, attributing this to a balance between the increased potential energy from higher initial positions and the enhanced deformation (stretching and spreading) of the slide that reduces the efficiency of energy transfer into the water column. For submarine mass movements, on the contrary, the largest maximum wave height is always associated with the shallowest ones, during the entire time series.
At medium-distal gauge 5 (5 km offshore SdF, Figure 9), the spectral differences are limited, as wave trains develop. For subaerial mass movements, the amplitude associated with lower position is about 25% larger than that associated with the highest position; the difference in the amplitude is more pronounced for submarine mass movements, with the highest waves associated with the shallowest ones.
[image: Figure 9]FIGURE 9 | Waveforms generated by (a) subaerial, and (b) submarine mass movements of 14 [image: image] [image: image] at gauge 5 (offshore Sciara del Fuoco), for different initial positions.
Finally, Figure 10 displays the waveforms at gauge 9, close to the Stromboli harbour. For subaerial mass movements, the differences associated with the initial position are almost negligible, whereas, also in this case, waves generated by submarine mass movements have smaller amplitude for deeper sources.
[image: Figure 10]FIGURE 10 | Waveforms generated by (a) subaerial, and (b) submarine mass movements of 14 [image: image] [image: image] at gauge 9 (Stromboli village), for different initial positions.
5.4 Correlation between maximum wave height and granular flow volume
Figures 11a, b display the maximum wave height at proximal gauge 0 (Punta dei Corvi) and gauge 5 (offshore SdF), for the whole set of simulations (here limited to a density contrast of 0.5). Solid lines show the trends for subaerial, dashed lines for submarine mass movements. There is a direct correlation between volume and maximum wave height, but the trend is clearly nonlinear for subaerial conditions, with large variations associated with the initial position of the granular mass. For submarine mass movements, the variation is smaller, and the trends are more linear, but the limited number of points does not allow us to derive a more quantitative evaluation.
[image: Figure 11]FIGURE 11 | Maximum wave height at (a) gauge 0 (Punta dei Corvi), (b) gauge 5 (offshore SdF), (c) gauge 9 (Stromboli village) and (d) gauge 10 (Ginostra village), for volumes from 5 to 30 [image: image] [image: image]. Solid lines: subaerial; dashed lines: submarine mass movements.
Figures 11c, d display the maximum wave height at gauge 9 (Stromboli village) and gauge 10 (Ginostra village). In this case, the trends are more irregular, and it is even more difficult to derive a simple correlation between volume and maximum wave height. Also, as already noted above, the differences between subaerial and submarine mass movements are less evident at these more distal locations around the island.
5.5 Arrival times
Maps of wave arrival times are produced by registering the time of the first crest, with a threshold of +1 cm. Figure 12 shows the arrival times for the whole Stromboli island of the tsunami generated by a subaerial (Position 1, +328 m) and submarine (Position 7, -375 m) mass movements, with volumes of 5 and 30 [image: image] [image: image]. Figures 13a–d display the same plots zoomed on Stromboli village, in the NE part of Stromboli island. The arrival time on the Stromboli shores varies from about 50 to 65 s at Spiaggia Lunga (the closest beach to SdF) to about 165–190 s at the Stromboli harbour (Figure 13e). The wave phase velocity increases with the wave height (as predicted by the theory) so that for the same initial position, larger volumes produce higher and faster waves (observable also in the time of the first crests in Figures 6, 7). For the same volume, subaerial landslides produce larger waves, with shorter arrival times.
[image: Figure 12]FIGURE 12 | Arrival time (Stromboli island) of the first crest of the tsunami generated by (a, b) subaerial (Position 1, +328 m) and (c, d) submarine (Position 7, -375 m) mass movement for volumes of 5 (left) and 30 (right) [image: image] [image: image].
[image: Figure 13]FIGURE 13 | Arrival time (Stromboli village) of the first crest of the tsunami generated by a (a, b) subaerial (Position 1, +328 m) (c, d) and submarine (Position 7, -375 m) mass movement for volumes of 5 (left) and 30 (right) [image: image] [image: image]; (e) plot of arrival time of a-d along the 0-m isoline.
5.6 Inundation maps
The inundation on land is mapped as the maximum water depth above the topography, reached during the whole simulation. Due to the steep slopes of the volcano, the main differences in the inundated area are observed on the North-Eastern part of the island, where the Stromboli village is located, and where there is also the highest exposure to the tsunami hazard.
In Figure 14 we show the inundation maps on the North-Eastern shores (corresponding to most of the inhabited part of the Stromboli village) for two subaerial (initial elevation of +328 and +42 m respectively) and two submarine scenarios (initial elevation of −180 and −375 m respectively), for three volumes of 5, 14 and 30 [image: image] [image: image]. As expected, the widest and deepest inundation is reached in those scenarios with the largest maximum wave height, and the impact of subaerial mass movements on the Stromboli shores is clearly much higher, with water depth exceeding 10 m for the largest hypothesized volume. The inundated area and water depth associated with subaerial mass movements do not vary significantly with the initial elevation of the granular mass, which is coherent with the observation that, despite a lower total energy, subaerial mass movements have a higher relative tsunamigenic potential at lower elevations (see comments to Figures 8–10). On the contrary, the initial depth is a controlling factor for tsunamis generated by submarine mass movements. We measure that for subaerial landslides (Figure 14, first row, panels a–c) the inundated area increases by [image: image]70% when increasing the landslide volume (i.e., from 5 to 30 [image: image] [image: image]), while water depth is [image: image]4.9 m larger on average; for submarine landslides (Figure 14, third row, panels g–i) the inundated area increases by [image: image]90% when increasing the landslide volume (i.e., from 5 to 30 [image: image]), while water depth is [image: image]1.2 m larger on average. Along the first column of Figure 14 (panels a–l), we measure that, by decreasing the elevation of the landslide position, the inundated area decreases by [image: image]93% while water depth is [image: image]1.5 m smaller on average. The comparisons of other inundation maps from Figure 14 show the same trends.
[image: Figure 14]FIGURE 14 | Inundation produced by a tsunami triggered by a subaerial or submarine mass movement for volumes 5, 14 and 30 [image: image] [image: image]. (a–c) Initial elevation of +328 m; (d–f) initial elevation of +42 m; (g–i) initial elevation of −180 m; (j–l) initial elevation of −375 m.
6 DISCUSSION
The results presented here illustrate some trends and features that can be recognized from a preliminary analysis of the whole set of simulations. The first observation concerns the difference between tsunami generated by subaerial and submarine mass movements. In this study, subaerial mass movements generated, in general, maximum wave heights 3–5 times larger than submarine ones of similar volume, with the variability depending on the initial granular mass position. The initial wave, as recorded by the two gauges near the shoreline (Figure 4), differs markedly between the subaerial and submarine cases. All subaerial mass movements generate a first crest (which is also the highest) followed by a trough of comparable amplitude, while submarine ones display an initial negative trough followed by a higher crest. Although semi-qualitative, these differences are observable for all volumes in the investigated range. Such a difference is progressively less visible at more distal locations, where tsunamis generated by submarine mass movements also develop a leading crest, both offshore and around the island (Figures 5–7). Around the island, waveforms from subaerial and submarine sources can be better superposed: theoretical and experimental studies suggest indeed that their dispersion relations depend less on initial conditions and are instead associated with a mechanism of trapping the wave around the island (Romano et al., 2013). Farther offshore, in the direction of mass movement propagation, wave trains develop due to the dispersive nature of water waves, with the highest wave typically not being the first (Okal and Synolakis, 2016). It is worth mentioning that such wave train do not develop using the single-layer, hydrostatic version of the model. Future work to analyse the spectral features of such wave trains, rather than the proximal waveforms, could provide insights into the volume of the generating mass movement and offer more reliable information for estimating the far field hazard from tsunami generated by mass movements at Stromboli.
There is a clear correlation between the maximum wave height and the granular volume involved (Figure 11). This is intuitively associated with the energy transfer from granular flows to the water column. However, this is a complex process, governed by the interplay of flow dynamics, material properties, and hydrodynamic interactions, for which it has been shown that the majority of energy transfer occurs rapidly near the moment of impact (Yavari-Ramshe and Ataie-Ashtiani, 2019; Clous and Abadie, 2019). Uncertainties in quantifying the proportion of the slide energy converted into water energy still exist. It is widely accepted that the volume, velocity and initial acceleration of the sliding mass are the controlling factors in tsunami generation (e.g., Løvholt et al., 2005; Harbitz et al., 2006; Huang et al., 2020; Robbe-Saule et al., 2021). The slide volume governs the total potential energy available for transfer, with larger volumes generally correlating with larger amplitudes. However, this relationship can be nonlinear, as dissipation through basal and internal friction, deformation (stretching and spreading) of the slide, and hydraulic effects (such as water entrainment) can reduce the efficiency of the energy transfer. These processes create an optimal initial elevation near the shorelines, where potential energy and dissipation reach a balance (Fine et al., 2003) that is also observed in our database. Velocity and initial acceleration further modulate energy transfer efficiency, and the Froude number (the ratio between the slide and wave speeds) is the critical dimensionless parameter determining the generation of surface waves (Fritz et al., 2004). Future studies will focus on linking wave amplitudes to landslide kinematics (Heller and Hager, 2010) or landslide material properties (Bougouin et al., 2020; Lipiejko et al., 2023) at Stromboli.
The correlation between landslide volume and maximum wave height is in general non-linear for subaerial mass movements, so it is difficult to extrapolate an empirical relationship from the analysis of our database. A study on flank collapses at La Montagne Pelée volcano observed a logarithmic relationship between volume and wave amplitude, while the wavelength increases with volume according to a power law (Poulain et al., 2023). However, it is also worth remarking that the maximum wave height might not be an optimal parameter to estimate the tsunami hazard. Other integral measures might give a better indication of the impact potential of the tsunami, such as the tsunami mechanical (i.e., potential plus kinetic) energy (Tinti and Bortolucci, 2000), for which an approximately log-log relationship is expected with the mass/volume (Zaniboni et al., 2020) or the mass flow (Bougouin et al., 2020; 2024). For submarine mass movements, the correlation is apparently more direct, but it depends strongly on the depth of the mass movements, potentially resulting in high uncertainties. Further work analyzing the relationship between granular flow parameters and wave characteristics is ongoing.
We have presented in Figure 14 maps of the expected inundation produced in the simulated scenarios. The uncertainty on inundation maps associated with the accuracy and numerical parameters of our simulation models is probably larger than the one affecting waveforms (Esposti Ongaro et al., 2021). In particular, while shoaling effects are explicitly resolved by the multilayer non-hydrostatic model, the following factors might affect the resulting inundation maps: 1) the spatial resolution of the topo-bathymetric model (e.g., Shigihara et al., 2022); 2) the water friction model, and in particular the water Manning coefficient (which is significant only for water thin layers) (Gibbons et al., 2022), as well as the friction between the granular and the water layers; 3) potentially, the lack of a subgrid model accounting for breaking of the waves and onset of turbulent flows in the shoaling process (Guignard et al., 1999; Kozelkov et al., 2022). Their effects should be investigated and quantified in the near future.
In all simulated scenarios, the parameters characterizing the landslide basal friction (Pouliquen-Forterre parameters) and the water friction (Manning parameter) have been kept constant. The preliminary sensitivity analysis introduced in Sect. Four and presented in the Supporting Information shows that the variability associated with rheological parameters is comparable with that associated with the scenario parameters (volume and initial position of the granular mass). For this reason we chosed to adopt a conservative approach, and to use the values of the friction angles in the lowest range (consistent with literature data). Future studies should address this aspect systematically, with a more detailed rheological characterization of the expected mass movements at Stromboli (accounting for the substantial diversity between, e.g., landslides and pyroclastic avalanches).
Finally, in this paper we have considered an initial ellipsoidal pile of grains with zero initial velocity, imposed on the pre-existing topography. Such an initial shape is not completely realistic, and in a future paper we will analyze the influence of generating the mass movement from a granular volume excavated from the actual topography, or with an initial non-zero velocity.
7 CONCLUSION
We have produced a set of numerical simulations of subaerial and submarine granular mass movements along the Sciara del Fuoco slope on the Stromboli volcano, to assess their capability to generate tsunami and the consequent physical features and potential impact of the waves on the Stromboli coastline. The results are consistent with the observations and numerical simulations of the 2002 event at Stromboli (Esposti Ongaro et al., 2021; Fornaciai et al., 2019), but the analyzed range of variability of the input conditions is much larger. In selecting the parameters characterizing these scenarios, we have identified the most relevant initial parameters characterizing the scenarios (the initial granular volume, its position along the Sciara del Fuoco, its density), and tried to perform a preliminary evaluation of the sensitivity of the results to the other parameters. Inevitably, the uncertainty in these parameters is high, and evaluating it in a probabilistic framework will be a mandatory task for future works. The ensemble of scenarios is relatively large (150 scenarios) and allows us to preliminarily observe some significant trends correlating the initial conditions (granular volume and position) with the tsunami features, in particular the maximum wave height and the shape of the waves. Such information is of paramount importance to try to assess tsunami hazards in Stromboli in a quantitative way.
For the purpose of assessing the tsunami hazard on the Stromboli island, it was already noticed by Fornaciai et al. (2019) that the arrival time of the tsunami generated on the SdF on the island shores is very short: in all simulated cases (Figures 12, 13e), the tsunami reaches the Stromboli village in less than 4 minutes (about two and a half minutes in the worst cases) and the Ginostra village in about 1 minute. For this reason, tsunami early warning for the Stromboli island would require the early recognition of the triggering mass movements and the early detection of the tsunami close to the SdF. The simulation of the proximal waveforms (plotted in Figure 4) can help characterizing the expected signals at the measuring beacons installed offshore the Sciara del Fuoco. In particular, the observation that the waveform measured at points close to the shoreline does not initially depend on the granular mass volume implies that dispersive effects are not dominant at these distances, so that spectral properties of the tsunami can be used as a robust indicator in tsunami early warning systems (Lacanna and Ripepe, 2020; Ripepe and Lacanna, 2024).
Finally, the information provided by such a set of scenarios (Cerminara et al., 2024) has been recently used by Bonilauri et al. (2024) to evaluate and quantify the effectiveness of potential risk mitigation by means of evacuation on the island of Stromboli. Ongoing effort is dedicated to use expert elicitation tools (de’Michieli Vitturi et al., 2024; Tadini et al., 2024) to attribute probabilities to volume and initial position ranges utilized in this work, to combine all scenarios into a probabilistic tsunami inundation hazard map for Stromboli. This work is part of the continuous effort to mitigate volcanic and tsunami risk on the island of Stromboli.
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