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Abstract. Probabilistic Tsunami Hazard Assessment (PTHA) is the essential first step for quantifying the long-term risk posed
by landslide-generated tsunamis at active volcanic islands like Stromboli, Italy. This study presents a first PTHA for Stromboli,
providing a quantitative and transparent basis for risk mitigation and long-term coastal planning at Stromboli. In particular,
our work integrates two new databases of numerical simulations for volcanic landslide-induced tsunamis with occurrence
probabilities derived from expert elicitation (described in the companion paper by Tadini et al., submitted). We introduce a
new methodology to translate elicited probabilities for landslide frequency, volume, and location into a full suite of
probabilistic hazard products. The results, expressed as hazard curves, maps and profiles (5%, 50™ and 95" percentiles), are
presented for alternative modelling setups, including different high-resolution topobathymetric models and code versions, to
transparently account for epistemic uncertainty in the numerical hazard assessment. Our findings quantify a significant tsunami
hazard for Stromboli's inhabited coastal areas over the next 50 years. The 95" percentile maps indicate that inundation by at
least 0.5 m of water has > 90% to occur along coast of Stromboli village the over the next 50 years. Furthermore, the hazard
curves at critical sites show non-negligible probabilities of exceeding severe inundation depths in the same 50 years temporal

frame.

1 Introduction

Probabilistic Tsunami Hazard Assessment (PTHA) has become the standard framework for quantifying tsunami hazard,
moving beyond deterministic, single-scenario analyses to provide a more comprehensive understanding of risk (Grezio et al.,
2017; Selva et al., 2021). PTHA aims to estimate the probability of exceeding specific tsunami intensity metrics (such as

inundation depth) at a given location, or conversely, to estimate the intensity metric corresponding to a given probability of
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exceedance, over a defined time horizon. This approach allows for the systematic integration of multiple tsunami sources and
the quantification of both aleatory and epistemic uncertainties (Lorito et al., 2021), providing a robust basis for risk mitigation
and coastal planning (Behrens et al., 2021).

Among the various tsunamigenic sources, landslides from volcanic islands represent a significant but complex challenge for
PTHA due to the inherent instability of volcanic edifices. At Stromboli volcano (Aeolian Islands, Italy), the persistent,
centuries-long volcanic activity (e.g., Barberi et al., 1993; Rosi et al., 2013; Tadini et al., submitted) feeds the Sciara del Fuoco
(SdF), a large horseshoe-shaped scar on the volcano's northwestern flank that is prone to both subaerial and submarine failures.
The tsunamigenic potential of the SAF was dramatically demonstrated on December 30, 2002, when a sequence of landslides
triggered a tsunami that caused significant damage to the island's coastline (Tinti et al., 2006b).

The 2002 event spurred significant research into the numerical modelling of landslide-generated tsunamis at Stromboli. Tinti
et al. (2000, 2005, 2006b) and Fornaciai et al. (2019, 2024) presented numerical simulation results to investigate the 2002
event. Subsequent work by Esposti Ongaro et al. (2021; 2025) advanced these efforts through a systematic benchmark of
different numerical codes and physical approximations. These studies highlighted the critical importance of using non-
hydrostatic models to accurately capture wave generation and propagation in the near-field and explored the differences
between rigid and deformable (granular) landslide models.

Beyond its scientific relevance, the 2002 event also forms the basis of the current civil protection plan in Stromboli (Protezione
Civile, 2015). However, the new Italian Civil Protection Code explicitly promotes the use of probabilistic approaches,
whenever possible, to assess potential risks (Protezione Civile, 2018a). In line with this, emergency planning for earthquake-
generated tsunamis in Italy (Protezione Civile, 2018b) is already based on a regional long-term PTHA model (Basili et al.,
2021; Tonini et al., 2021). Furthermore, for early-warning purposes related to earthquake-generated tsunamis, Italy has adopted
Probabilistic Tsunami Forecasting (Selva et al., 2021; Cordrie et al., 2025), which can be regarded as a very short-term PTHA.
In this context, the present paper is the second of two companion articles reporting the results of a comprehensive project
aimed at developing the first formal long-term PTHA for volcanic landslide-generated tsunamis at Stromboli.

Developing a comprehensive PTHA that incorporates a temporal framework requires establishing a historical baseline of
tsunami occurrences in a specific area to derive future occurrence rates. However, although Stromboli allows for a detailed
review of historical sources, the available data are still insufficient for a robust statistical analysis. To address this, expert
elicitation techniques (see e.g., Aspinall, 2006; Colson and Cooke, 2018; Quigley et al., 2018) represent an established
approach in volcanology to quantify uncertainties in key variables (such as occurrence rates and magnitudes) in contexts where
a lack of observational constraints and/or inadequate data prevent traditional analysis.

The companion paper by Tadini et al. (submitted) provides a detailed review of historical tsunami events at the island and,
crucially, presents the results of a structured expert elicitation. That elicitation was designed to formally quantify the epistemic
uncertainties associated with the key source parameters for tsunami modelling, providing probability distributions for the

frequency, location, and volume of future tsunamigenic landslides (TLs) at the SdF (Fig. 1).
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Building on that work, this paper utilizes the probabilistic outputs of the expert elicitation to probabilistically weight the
scenarios contained in two new databases of numerical tsunami simulations (de’ Michieli Vitturi et al., 2026a-b). We present
a new methodology to integrate the probability distributions from the elicitation with the scenarios of the simulation databases
to obtain a PTHA. The final products of this work are the first hazard curves at several points and probabilistic inundation
maps for Stromboli (Fig. 1), expressing the probability of exceeding a given tsunami intensity value in the next 50 years, which
account for the full range of elicited uncertainty. A key aspect of this study is the exploration of epistemic uncertainty
introduced by numerical modelling. Accounting for land cover roughness is particularly critical, as it has been shown to
significantly affect inundation extent (see e.g., Dalrymple et al., 2006; Kaiser et al., 2011; Griffin et al., 2015; Scala et al.,
2024). In this work, we quantify epistemic uncertainty associated with the modelling by presenting results for two different
high-resolution topographic models (20 m and 10 m) and two versions of the same numerical code.

This paper is organized as follows. Section 2 describes the numerical models, the simulation databases, and the strategy
developed to integrate the expert elicitation outcomes for the generation of probabilistic curves and maps. Section 3 presents
the main results, including a comparison of the hazard products derived from the different model setups and a detailed analysis
of the hazard patterns. Finally, Section 4 provides some discussion and Section 5 summarizes the main conclusions of this

study.
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Figure 1. Stromboli volcano. Initial positions for simulations along the Sciara del Fuoco (see Section 2.2) are indicated as
green points. Sites where hazard curves have been described (see Section 2.3.1) are indicated as blue points (1: Spiaggia Lunga;
2: Scalo dei Balordi; 3: Area attesa Ficogrande; 4: Centrale ENEL; 5: Molo Scari; 6: Molo Ginostra). The solid black line is
the coastline. Hillshade relief is derived from a resampling at 10-m resolution of, respectively, the DSM of Bisson et al. (2025)
for the subaerial part, and the bathymetry provided by L.IL.M.M. (Istituto Idrografico Marina Militare - Italian Navy
Hydrographic Institute) for the submarine part. Coordinates are expressed in the UTM-WGS84 33 N system.

2 Materials and Methods
2.1 Expert elicitation

Performance-based expert elicitation relies on empirical validation using quantitative calibration questions, or "seed
questions", whose true answers are known to analysts but not to experts (Colson and Cooke, 2018; Quigley et al., 2018).
Experts also address "target questions" on the key issues of the problem under investigation. For both types, they provide 5%,
50, and 95" percentiles of their uncertainty. A performance-based algorithm then combines expert opinions into group-level
uncertainty distributions (Decision Maker solutions) using either equal weighting (EW) or Cooke’s Classical Model (CM)
(Cooke, 1991; Aspinall, 2006, 2010; Neri et al., 2008; Bevilacqua, 2016). CM weights experts based on calibration (statistical
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accuracy) and informativeness, computed from seed question responses (Cooke, 1991; Aspinall and Cooke, 2013; Bevilacqua
et al., 2015, 2025; Tadini et al., 2017, 2022). The web-based tool ELICIPY (de’ Michieli Vitturi et al., 2024) was used to
manage elicitation sessions, from data collection to automated analysis and output generation.

The elicitation was aimed at estimating, for the next 50 years: i) the expected number of TLs with volumes > 1 x 10° m? at
Stromboli, and ii) their potential triggering conditions and parameters. Two expert elicitations were conducted (in 2022 and
2024), the second of which was designed to resolve ambiguities in some initial questions and to incorporate new field data that
had become available. In total, 21 experts with diverse expertise and strong knowledge of Stromboli participated. Seed
questions (16 total) were included only in the first round. Target questions focused on landslides > 1 x 10® m? - roughly half
the subaerial mass deposited during June — October 2019 (Di Traglia et al., 2022) and 20—30 times smaller than the December
2002 landslide (Tinti et al., 2006b).

The elicitation outcomes, described in Tadini et al. (submitted), provide the primary inputs for assigning probabilities to the
simulations of our simulation database. For each target question, the ELICIPY tool generated a set of 10,000 samples
representing the uncertainty distribution of the expert pool. This set was constructed through a two-step random sampling
procedure, repeated 10,000 times: first, an expert was randomly selected with a probability equal to their performance-based
weight; second, a single value was drawn from that expert's individual probability distribution. The resulting collection of
10,000 samples thus constitutes a set of equiprobable realizations of the combined expert judgment.

Table 1 provides a statistical summary of these sample sets, reporting their 5%, 50, and 95 percentiles for the key questions
used in this study: the number of TLs in the next 50 years (TQ3), the percentage of those occurring within the SdF (TQ4), and
the percentage of TLs across different landslide initial positions and volume ranges (TQ16-TQ35). While this table offers a
concise summary, our methodology directly utilizes the entire collection of 10,000 samples for each question to generate the
probabilistic maps and curves. This approach ensures that the full range of elicited uncertainty - and not just a summary based
on three percentiles - is propagated into the final hazard assessment. Note that for TQ20-TQ35, the values in Table 1 and the
corresponding samples represent conditional probabilities (see Fig. 8 in Tadini et al., submitted): the probabilities used for the
maps described in the following sections are recalculated as absolute probabilities by considering TQ3, TQ4 and TQ16-TQ19
(see Section 2.3.2).

Table 1. Percentile values for TQ3-4 and TQ16-35 for the CM scoring method for TLs in the next 50 years (from Tadini et

al., submitted)

Question (unit) st | 50th | 95th
TQ3: TLs at Stromboli (n°) 1 4 10
TQ4: TLs along the SdF (%) 66 82 96
TQ16: TLs along the SdF, initial position 700-300 m b.s.1. 2 12 37
TQ17: TLs along the SdF, initial position 300-0 m b.s.1. 4 28 58
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TQ18: TLs along the SdF, initial position 0-300 m a.s.l. 5 21 52
TQ19: TLs along the SdF, initial position 300-700 m a.s.l. 7 31 62
TQ20: TLs along the SdF, initial position 700-300 m b.s.1., volume 1-5 x 10° m* (%) 9 39 69
TQ21: TLs along the SdF, intial position 700-300 m b.s.1., volume 5-14 x 10 m? (%) 6 26 | 57
TQ22: TLs along the SdF, initial position 700-300 m b.s.1., volume 14-30 x 10® m? (%) 3 17 49
TQ23: TLs along the SdF, initial position 700-300 m b.s.1., volume > 30 x 10° m* (%) 03 |9 37
TQ24: TLs along the SdF, initial position 300-0 m b.s.1., volume 1-5 x 10° m? (%) 12 |44 |71
TQ25: TLs along the SdF, initial position 300-0 m b.s.1., volume 5-14 x 10° m* (%) 6 25 |71
TQ26: TLs along the SdF, initial position 300-0 m b.s.1., volume 14-30 x 10° m? (%) 3 14 |41
TQ27: TLs along the SdF, initial position 300-0 m b.s.1., volume > 30 x 10° m? (%) 03 |9 39
TQ28: TLs along the SdF, initial position 0-300 m a.s.1., volume 1-5 x 10 m* (%) 13 |46 |75
TQ29: TLs along the SdF, initial position 0-300 m a.s.1., volume 5-14 x 10 m* (%) 6 23 |53
TQ30: TLs along the SdF, initial position 0-300 m a.s.1., volume 14-30 x 10°® m* (%) 2 12 | 44
TQ31: TLs along the SdF, initial position 0-300 m a.s.1., volume > 30 x 10° m? (%) 0.1 |8 39
TQ32: TLs along the SdF, initial position 300-700 m a.s.1., volume 1-5 x 10° m* (%) 9 4 |75
TQ33: TLs along the SdF, initial position 300-700 m a.s.1., volume 5-14 x 10° m® (%) 6 24 |58
TQ34: TLs along the SdF, initial position 300-700 m a.s.1., volume 14-30 x 10° m? (%) 2 13 48
TQ35: TLs along the SdF, initial position 300-700 m a.s.1., volume > 30 x 10° m? (%) 01 |7 42

2.2 Numerical simulations

To explore the epistemic uncertainties associated with tsunami modelling at Stromboli, this study relies on two distinct
databases of numerical simulations, referred to as de’ Michieli Vitturi et al. (2026a) and de’ Michieli Vitturi et al. (2026b).
These databases were designed to cover an identical matrix of landslide scenarios but were generated using different
topobathymetric data and different landslide and tsunami numerical simulation model setups (code versions). All simulations
were performed on a 21.9 x 23 km computational domain centred on Stromboli. The tsunamigenic source was modelled as the
collapse of a granular mass placed on the existing topography. The geometry and position of the mass are defined by the
horizontal coordinates of its barycentre (xo, yo) and its length, width, and vertical thickness. These parameters collectively
determine the landslide volume. In addition, the material's bulk density must be specified, typically as a water/material density
contrast.

The simulations used in this paper represent a subset of those published in de’ Michieli Vitturi et al. (2026a-b), and are done
considering 11 initial barycentric positions along the Sciara del Fuoco centreline (P0-P10, see Fig. 1), two water/landslide

density contrasts (0.5 and 0.6, corresponding respectively to material densities of 2000 and 1667 kg/m®) and 14 landslide
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volumes (1, 1.5, 2, 3, 5, 8, 8.7, 11, 14, 17, 21, 25, 30 and 40 x 10° m?). Volumes 3, 5, 8.7, 14, 21 and 30 x 10° m? are those
already contained in Cerminara et al. (2024). For each database, we therefore considered a total of 308 simulations. The two
simulation databases utilize different Digital Elevation Models (DEMs), representing one of the components of the epistemic
uncertainty.

In de’ Michieli Vitturi et al. (2026a) the topobathymetry is composed of:

e Topography obtained by elaborating the 3D point cloud acquired during an airborne LiDAR (Light Detection And
Ranging) survey that was carried out in May 2012 (MASE, 2013). The data were acquired by using the Leica ADS80
sensor, which has instrumental vertical and horizontal accuracy of 0.10-0.20 and 0.25 m, respectively. The acquired
point cloud had a mean point density of 8 pt/m? (Di Traglia et al., 2018).

e Bathymetry derived from the project Marine Geohazards along the Italian Coasts (MaGIC — Chiocci and Ridente,
2011). The MaGIC database consists of data with spatial resolution decreasing with depth, from 50 m to 100 and
200 m as the distance from the coast increases.

In de’ Michieli Vitturi et al. (2026b), simulations use a more recent topobathymetry composed of:

e Topography obtained by elaborating 3D point cloud derived from a LiDAR (Light Detection And Ranging) survey
conducted in 2023. The acquired data (Bisson et al., 2025) have a spatial resolution of 50 cm, an instrumental vertical
accuracy of <5 cm, and a horizontal (planimetric) accuracy of < 12 cm. The acquired point cloud had a mean point
density with 4 to 6 pt/m?.

e Bathymetry from LILM.M. (Istituto Idrografico Marina Militare - Italian Navy Hydrographic Institute) with a
resolution of 1 m from a depth of 3—4 m down to 60 m, and a resolution of 30 m from 60 m down to depths between
1000 and 1600 m.

The topographic and bathymetric data were then merged and resampled to 10 m, and a kriging interpolation was applied to fill
the missing bathymetric portion between the shoreline and the beginning of the bathymetric data.

In general, a different spatial resolution of the DEM may result in a different inundation extent, with a loss of inundation detail
but a larger inundation extent when using a lower resolution (e.g., Song and Goda, 2019). For our datasets, DEM resolution is
not the only factor affecting the results. Indeed, although the DEMs of the two databases were both resampled to comparable
grid resolutions (20 m and 10 m), an inspection of the original source data reveals substantial differences in the information
content of the two topobathymetries. In particular, analysis of the 10 m versions highlights a clear contrast between the old
and the new topobathymetry. For the bathymetric domain, the new version is characterized by a markedly higher native
resolution and by more recent survey data, resulting in a significantly more detailed and accurate representation of the
submarine morphology. This difference is already evident before any resampling procedure and directly affects the simulated
tsunami wave propagation in the near-field marine environment. On land, the differences between the two datasets are of a
different nature. The original data of both DEMs include the buildings, but the use of a 20 m resolution smooths them a lot. In
addition, while the new topographic data are more recent, they are not filtered for vegetation. Therefore, trees (particularly tall

vegetation) are retained in the DEM and appear as topographic obstacles with dimensions comparable to the tree canopy. This
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feature represents a major difference in the source data used for the simulations. The older topography, in contrast, is effectively
smoother, because of both the vegetation filtering and the lower resolution. This must therefore be considered when interpreting
the effects of the adopted DEM on the simulated inundation patterns discussed in the following sections.

The simulations of both the databases were performed using Multilayer-HySEA, a non-hydrostatic multilayer model capable
of simulating the coupling between granular landslide motion and water dynamics on GPU architectures. A detailed description
of the model and its validation can be found in Macias et al. (2021a, b) and Esposti Ongaro et al. (2025). To reflect the evolution
of modelling tools and to account for epistemic uncertainty related to the numerical solver, this study employs two distinct
versions of the code, referred to here as the “2021 version” and the “2025 version”. The first one corresponds to the stable
release available at the beginning of this study and used in previous hazard assessments at Stromboli (Esposti Ongaro et al.,
2025), which represents a consolidated benchmark for simulating TLs in this volcanic setting.

The updated one introduces the following key improvements:

e Improved Numerical Stability. A new Riemann solver has been implemented. This enhancement stabilizes the
numerical scheme, allowing for larger and more consistent time steps throughout the simulation and thus improving
computational efficiency.

e More Accurate Incompressibility. The iterative solver enforcing the zero-divergence condition (i.e., fluid
incompressibility) has been refined. It now employs a local convergence criterion, leading to a more robust and
physically accurate solution, especially in complex flow conditions.

e Layer-Independent Friction and Run-up. A vertical linear viscosity model and a corrected formulation for the
Manning friction have been introduced. Previously, friction was applied only to the bottom layer, making its total
effect dependent on the number of layers used to discretize the water column. These new mechanisms ensure that the
overall frictional dissipation and the resulting run-up behaviour are physically consistent and largely independent of
the number of vertical layers chosen for the simulation.

The simulations contained in de’ Michieli Vitturi et al. (2026a), relying on the 20 m topobathymetry, were performed using
the 2021 version of the numerical model, as done for the comprehensive analysis presented in Esposti Ongaro et al. (2025).
The simulations presented in de” Michieli Vitturi et al. (2026b) were carried out combining the updated 2025 version of the
model with the more recent 10 m topobathymetry, leading to a database of scenarios based on improved numerical tools and
higher-resolution data. In this work, we intentionally present and compare both datasets. The objective is not simply to
supersede the previous results, but to highlight how model developments and new topographic data can influence hazard
assessments. Moreover, as discussed in the final section, the newer dataset also presents some limitations (e.g. vegetation
effects and partial resolution of urban features), and therefore cannot be considered consistently more accurate. Presenting
both databases thus provides a more transparent view of the epistemic uncertainties associated with tsunami inundation
modelling at Stromboli and frames the results within the context of evolving modelling capabilities. For the sake of brevity,
and referring to their primary distinguishing feature, in the remainder of this paper we will refer to these two databases simply

as the “Database A” (for de’ Michieli Vitturi et al., 2026a) and the “Database B (for de” Michieli Vitturi et al., 2026D).
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2.3 Sensitivity analysis

To provide a first-order insight into the differences arising from the use of distinct Digital Elevation Models (DEMs) and
numerical code versions, we performed a series of quantitative comparisons between pairs of simulations. These comparisons
were designed to analyse separately the contributions of the topographic representation and of model developments, by varying
one factor at a time. We focused on three key aspects of the inundation: the cell-by-cell water depth (in meters above ground),
the overall inundated area, and the spatial agreement between the inundation patterns.

First, we conducted a direct, cell-by-cell comparison of the maximum water depth. The results are visualized through maps
showing the absolute differences between two simulations, highlighting areas where one simulation predicts higher or lower
water depths than the other. These maps are complemented by histograms that quantify the total area corresponding to specific
intervals of water depth difference.

To quantify the spatial agreement between the inundated areas of two simulations (let's call them area A and area B), we
employed the Jaccard index (J) and two complementary metrics, SIM; and SIM,.

The Jaccard index (Jaccard, 1901) measures the similarity between the two areas and is defined as the ratio of the intersection

to the union:

|ANB|
" |AUB|

A value of J=1 indicates perfect overlap, while J=0 means no overlap.

The SIM; and SIM; indexes quantify the portions of the total inundated area that are unique to each simulation, respectively:

A\B B\A

SIM; = ———; SIM, =
17 JAUB| 27 JAUB|

For clarity, we use the subscript “TOT” when these indexes refer to the entire island of Stromboli and STV when they refer
exclusively to the Stromboli village. For example, Jstv represents the Jaccard index for the village area.
2.3 Methodological framework for probabilistic hazard assessment

2.3.1 Hazard curves, maps, and profiles

The two main types of products are hazard curves (more commonly known in statistics as survival functions), which quantify
the hazard at specific points, and hazard maps, which provide a spatial representation of the hazard across the entire domain.

A hazard curve provides a more complete information at a specific location regarding the hazard model. A hazard map provides
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an overview for a fixed level of the spatial variability and correlations which the hazard model features. Both maps and curves
have been produced considering a temporal framework of 50 years in the future, consistent with the outputs of the expert
elicitation (Tadini et al., submitted) and in line with similar studies of PTHA (e.g., Gibbons et al., 2020; Basili et al., 2021).
Hazard curves quantify, at a given location, the probability of exceeding different water depth thresholds, thus providing a
quantitative site-specific hazard assessment. For practical purposes, we present and discuss these curves only for a selection
of pre-defined points of interest.

The probabilistic inundation maps fall into two complementary categories:

e Probability of Exceedance Maps. For a given water depth threshold (e.g., 0.5 m), this product visualizes the
probability that the threshold will be exceeded at least once over the next 50 years. Because this probability is itself
uncertain due to epistemic uncertainties in source parameters (see Tadini et al., submitted), we do not produce a single
map but rather a distribution of possible outcomes. We present summary maps corresponding to different percentiles
(e.g., 5™, 50™, and 95™) of this probability distribution. Each pixel in a given percentile map thus represents that
specific level of confidence for the 50-year exceedance probability.

e Inundation Depth Maps for a Given Probability. Similarly, for a given 50-year probability of exceedance (e.g., 10%),
this product shows the corresponding inundation depth. This depth is also uncertain. Consequently, we present
percentile maps (5%, 50", and 95') that illustrate the range of possible inundation depths for that specific probability
level. Each pixel's value in these maps represents the water depth that has the specified probability of being equalled
or exceeded at least once over the next 50 years, at a given confidence level (percentile).

These two map types can be understood as different views of the underlying hazard curve computed for each pixel. A
probability exceedance map is equivalent to taking a vertical slice through the hazard curves at a fixed water depth and plotting
the corresponding probabilities. Conversely, an inundation depth map is equivalent to taking a horizontal slice at a fixed
probability and plotting the corresponding water depths.

The maps produced and shown in the following sections refer to specific water depth values, probabilities, and percentiles.
These values are as follows:

e water depth heights: 0.1, 0.2, 0.5 and 1 m. The use of water depth (or inundation/flow depth) to derive hazard maps
and curves has already been used in other tsunami hazard studies, for instance in Lorito et al. (2015) and Woessner
and Farahani (2020). In this latter study, water depth thresholds of 0.5, 1, 5 and 10 m are chosen based on engineering
considerations and fragility/vulnerability functions. For our Stromboli study case, we also used smaller thresholds
(0.1 and 0.2 m) to take into account the small scale of the investigated area. We also note that 0.5 m water depth is
potentially capable of dragging away adults (Kurisu et al., 2018);

e probabilities: 2% and 10%. These values have been used in other tsunami probabilistic hazard assessment studies

(e.g., Gibbons et al., 2020; Fukutani et al., 2021; Ramos et al., 2025);
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e percentiles: 5"/50"/95" We chose these percentiles to be consistent with the outputs of the elicitation (Table 1 and
Tadini et al., submitted), although in similar PTHA studies slightly different values are used (e.g., 2, 50, 98 in
Gibbons et al., 2020);

e 6 specific sites, chosen to be representative of the most critical points for infrastructures or from a touristic point of
view (Figure 1). In particular, we have chosen the two main piers at the two villages of Ginostra and Stromboli (“Molo
Ginostra” and “Molo Scari”, respectively), the main power plant of the island (“Centrale ENEL”), two touristic
beaches (“Spiaggia Lunga” and “Scalo dei Balordi”) and a signal for waiting area positioned by Italian Civil
protection in a safe area outside the inundation of the 2002 tsunami (“Area di attesa Ficogrande”; Bonilauri et al.,
2021).

To generate the probabilistic maps for a fixed water depth threshold, those corresponding to a given exceedance probability
and the hazard curves, we follow a procedure in line with standard PTHA methodologies (e.g., Grezio et al., 2017; Volpe et
al., 2019; Selva et al., 2021). The full approach is described in Text S1 from Supporting Information. In addition to hazard
curves and maps, we extracted hazard profiles from the probabilistic inundation maps to analyse in detail the hazard variability
within Stromboli village. The profiles were sampled on the 20m DEM along the 15-m isohypse, which Bonilauri et al. (2021)
proposed as a potential lower boundary of the tsunami safe zone. That contour was derived from the maximum runup of the
2002 tsunami (roughly along the 10-11 m isoline; Tinti et al., 2006a), with an added uncertainty margin of 5 m. To ensure a
consistent comparison between model setups, the same contour line was used to extract hazard profiles from both the Database
A and Database B results. Elevation differences between the two DEMs along this line are shown in Figure 2.

221

20 Spiaggia
- lunga Scalo dei
w181 ﬂ
@
2 WP)\ i 0l o Mu“v
S 14-
% w N\Wh v w Area attesa
> 124 ' Ficogrande
o
“ 1o
Molo
8- —10 m DEM Scari
—20 m DEM
Spiaggi'a lunga Scalo dei balordi  Area attesa Centrale Molo
Ficogrande ENEL Scari

Figure 2. Left: Topographic profile extracted from the 10m DEM (purple line) along the 15 m isoline of the 20m DEM (blue
line). Vertical dashed lines correspond to the closest point along the 15 m isoline (black dots in the map to the right) to 5 out

6 sites where hazard curves have been developed (black crosses in the map to the right).
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2.3.2 Integration with expert elicitation outcomes

The integration of elicited probabilities with the deterministic simulation database requires addressing two key methodological
challenges:

1. Treatment of the unbounded volume interval, as the probability for landslides of class V4 (volumes > 30 x 106 m?)
does not have an upper limit.

2. Discretization of interval probabilities, as it is necessary to partition the probabilities of the position/volume intervals
defined in the elicitation among the discrete scenarios that fall within or near each range in our simulation database.

Regarding point (1), we adopted two distinct approaches to address the unbounded nature of the highest volume class (V4, >
30 x 10° m?), resulting in two separate sets of probabilistic maps and hazard curves:

e Approach A (1-30 x 10° m® volume range). This approach entirely excludes the V4 class from the analysis. The
elicited probabilities for the three bounded volume ranges (1-5, 5-14, and 14-30 x 10® m®) were renormalized so that
their sum equals 1. This method provides a probabilistic assessment conditional on the landslide volume in the range
1-30 x 10% m?.

e Approach B (> 1 m? x 10® m? volume range). This approach includes the V4 class (> 30 x 10° m?) by assigning its
entire elicited probability to a single volume in this interval, which was chosen to be 40 x 10° m?. Although a
simplification, this choice is consistent with both the power-law landslide scaling law described in Brunetti et al.
(2009) and discussed for the Stromboli case in Tadini et al. (submitted), but also with the current modelling
framework. Firstly, landslide volumes significantly larger than 40 x 10° m3, when initiated from higher elevations,
would likely extend beyond the morphological boundaries of the Sciara del Fuoco, involving material that would not
slide along its main path. Secondly, very large-volume failures might involve different triggering mechanisms, such
as deep-seated rotational slides, which would require a different initial geometry (e.g., incised into the slope) rather

than the 'on-top' placement used in our simulations.

Regarding point (2), we use the outputs of the CM method (see Section 2.1), that consist of a set of 10,000 probability values
for each target question of Table 1. We also adopt a specific procedure to derive probabilities for each specific volume/position
interval, which is extensively illustrated in Text S1 from Supporting Information. The core of this approach is to sample from
each intervals a series of hypothetical scenarios (with a defined position/volume/density), and to map each of this scenario to
the closet available simulation in the corresponding database subset (Figure 3 illustrate this mapping processes for the volume
range 1-30 x 10° m®). The probability of each interval is then equally partitioned among the hypothetical scenarios that fall

within each interval.

The final output of this procedure consists of two distinct sets of probability vectors, each containing 286 (volume range 1-30

x 10% m®) or 308 (volumes >1 x 10° m?) probability values.

12
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The probabilities derived so far are conditional on the occurrence of a single tsunamigenic landslide within the SdF. To convert
these into absolute probabilities over a 50-year time horizon, we account for the expected frequency of events by incorporating
the 10,000 sampled values from elicitation questions TQ3 (number of events in 50 years, Nso) and TQ4 (percentage within the
SdF, Psqr). For each of the 10,000 sampling steps, we compute the expected number of events as n = Nso X Psgr and then
calculate the corresponding 50-year exceedance probability at every pixel. Because n is generally not an integer, we
approximate its effect using the two nearest integers, Niow and Nyp. The single-event conditional exceedance probability at each
pixel is first used to compute the probabilities, as [P(k) = 1 - (1 - p)¥], of at least one exceedance assuming Niow and Nyp,
respectively. The final 50-year exceedance probability is then obtained as a weighted average of these two values. Repeating

this procedure for all 10,000 realizations yields a distribution of 10,000 values for the 50-year exceedance probability at each

pixel.
-583.5-514.3-444.9-375.0 -280.4 -179.8 -62.9 425 1871 327.6 504.2
-700 -300 0 300 700
-700 z0 700
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Figure 3 Comparison between positions (zo — top panel), volumes (Vol — middle panel, 1-30 x 10® m® range) and density
contrast (p — bottom panel) for the simulations (upper straight line in each panel) and the ranges derived from the elicitation
(lower straight line in each panel). For all upper straight lines, each simulated position/volume/density is marked by a circle,
while the vertical lines indicate the segments (of the lower straight lines) associated with the corresponding circle (during the

sampling of zo, Vol, and p).
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3 Results
3.1 Sensitivity of inundation to different DEM resolutions and code versions

To assess the differences arising from the use of distinct Digital Elevation Models (DEMs) and numerical code versions
separately, we performed few comparisons related to a single scenario, that is a large-volume landslide (30 x 10°® m?®) with a
density of 2000 kg/m?, originating from a high-elevation subaerial position (P0). This scenario was chosen as it produces one
of the most significant inundations and is therefore well-suited to highlight the differences between the model setups. The
analysis focuses on the inundation within the Stromboli village and combines qualitative observations of the maps (Figure 4)
with quantitative assessments from Jaccard indexes (Table 2) and water depth difference histograms.

The main differences are observed when using the same version of the code (2021 version) and comparing the old and new
DEMs, both at 10m (Fig. 4a) and at 20m (Fig. 4b) resolutions. The inundation map for these cases reveals a complex pattern
of differences. Firstly, within the commonly inundated area, two fundamentally divergent behaviours are evident, represented
by the intense red and blue colours. These indicate large zones where the water depth differs by several meters between the
two simulations. The corresponding histogram confirms this divergence, showing a strongly bimodal distribution with peaks
in the [-3.16, -1.0] m and [1.0, 3.16] m bins. In addition to these differences in water depth, a second critical feature is the
presence of extensive black areas, which indicate that the OLD DEM produces a much larger inundation footprint, especially
in the inland portions of the village. A major contribution to these differences comes from the changes in the coastline occurred
in the time span between the two DEMs acquisition, which is particularly evident for the Ficogrande and Scari beaches. It is
interesting to observe that, despite for both the locations a significant erosion occurred, for Ficogrande this results in a decrease
in the maximum water depth (which also prevents the inundation of the area behind, shown in black in Figure 4a and 4b),
while for Scari the erosion results in an increase in maximum water depth (red in Figure 4a and 4b). Differences in inundation
for the Stromboli village are quantitatively confirmed by the Jaccard index (Jstv = 0.645 at 20m, 0.709 at 10m), which indicates
poor spatial agreement, and by the fact that the area inundated exclusively by the OLD DEM amounts to either 27.0% (10m)
or 34.3% (20m) of the total. Conversely, areas inundated only by the NEW DEM are negligible (1.2% at 20m and 2.1% at
10m).

In contrast, the impact of updating the numerical code from version 2021 to 2025 is more subtle, though still significant. On
the same 20m DEM (Fig. 4c), the two code versions produce very similar inundation patterns, as confirmed by a high Jaccard
index (Jstv = 0.917). The older 2021 version has a slightly larger footprint, inundating an exclusive area of just 31,451 m?
(6.1%), which appears as thin black lines at the inundation margins. The water depth differences are also modest, with the
histogram showing peaks for differences in the range of tens of centimetres.

However, the effect of the code update becomes much more pronounced on the 10m NEW DEM (Fig. 4d). While the difference
in inundated area remains small (the 2021 version inundates an exclusive area of 16,225 m?, or 5.5%), the impact on water

depth is substantial. The histogram for this case has more pronounced peaks in the [-3.16, -1.0] m and the [3.16, 1.0] m bins.
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Figure 4 Comparison between simulations. a) P0-30 x 10°m3, 10m NEW vs 10m OLD; b) P0-30 x 10° m?, 20m NEW vs 20m
OLD; ¢) P0-30 x 10° m?, two versions of the code for 20m OLD DEM,; d) P0-30 x 10° m3, two versions of the code for 10m

NEW DEM. For maps in left panels, grey pixels indicate areas where SIM; invades and SIM; does not invade, while black

pixels indicate areas where SIM; invades while SIM; does not invade. In the right histograms, the vertical dashed line separates

blue bins, where the water depth of SIM is smaller than that of SIM: (i.e. negative difference), and red bins, where the water

depth of SIM; is larger than that of SIM; (i.e. positive difference). Please note that the vertical scales for the histograms are

different, while the horizontal bins are the same for all the plots.

Table 2 Jaccard indexes to compare different simulations for Stromboli Island (TOT) and Stromboli village (STV). In the first

column, “OLD” refers to the DEM used in de’ Michieli Vitturi et al. (2026a) (both at its 20 m resolution and at 10 m resolution,

obtained before the downsampling described in Section 2.2), while “NEW?” refers to the DEM used in de’ Michieli Vitturi et

al. (2026b) (both at its 10 m resolution and at 20 m resolution, obtained with a downsampling)

Code AREA |AB|
DEM Jror Jstv SIM1,tor SIM1,sTv SIM2,tot SIM2,sTv
version Island/village
Sim;: 10 m
(NEW) Sim;: 2021 723,800 m?%/
0.740 0.709 0.036 0.021 0.224 0.270
Simp: 10 m Simy: 2021 379,400 m?
(OLD)
Sim;: 20 m
(NEW) Sim;: 2021 773,200 m?/
0.663 0.645 0.057 0.012 0.280 0.343
Simz: 20 m Simy: 2021 457,600 m?
(OLD)
Sim;: 20m
(OLD) Sim;: 2025 866,800 m?/
0.909 0.917 0.020 0.022 0.071 0.061
Sim;: 20m Sim,: 2021 515,600 m?
(OLD)
Sim;: 10m
(NEW) Sim;: 2025 602,500 m?/
0.906 0.888 0.043 0.057 0.051 0.055
Simy: 10m Simy: 2021 295,000 m?
(NEW)
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3.2 Hazard maps, curves and profiles
3.2.1 Hazard maps with fixed water depth

Probabilistic maps for a fixed exceedance threshold of 0.5 m are presented in Figures 5 and 6. These two figures allow for a
comparison of the combined effects of code version (2021 vs 2025), DEM resolution (20m vs 10m) and landslide volume
range (1-30 x 10° m?vs >1 x 10°m?). With respect to the inundated areas, the effects of the different code versions are smaller
than those resulting from the DEM resolution (see Section 2.2) and are not discussed here.

Despite the differences between these setups, all maps show a consistent overall hazard pattern. The area by far most exposed
is the northeastern coast, where the main village of Stromboli is located. This is due to the combination of its exposure to
tsunami energy diffracting from the Sciara del Fuoco (northwestern flank) and, crucially, its gentle coastal plain morphology,
which allows for significant inland inundation. In contrast, other exposed coastlines like Ginostra (southwest) show a more
limited hazard footprint due to their steeper topography. The hazard gradient is consistently sharp across the island; the
probability of inundation, represented by colours from yellow (high) to dark blue (low), decreases rapidly with increasing
elevation away from the coast.

The comparison between the percentile maps within each row provides a powerful visualization of the uncertainty propagated
from the expert elicitation. The 5™ percentile map represents the lower uncertainty bound, while the Median map shows the
central estimate. The 95" percentile map outlines a more severe, "1-in-20" case, meaning there is only a 5% chance that the
hazard will be even greater. Although this represents a less probable outcome than the median, its likelihood is by no means
negligible, making it a useful reference for robust hazard assessment and risk mitigation planning. A critical result, common
to all four setups, is that in the 95™ percentile scenario, vast portions of the village's coastal area are coloured bright yellow.
This indicates that, assuming such condition, these areas are almost certain to be inundated by at least 0.5 m of water over the
next 50 years.

Beyond these general patterns, the figure allows for a detailed comparison of the impact of the different modelling choices.
Regarding the effect of DEM resolution, as expected, these probabilistic results confirm the findings from the deterministic
comparison shown in Figure 2. In both comparisons, the Database A (DEM resolution 20m, Fig. 5) produces a more extensive
hazard footprint, with probabilities of inundation extending further inland compared to the Database B (DEM resolution 10m,
Fig. 6). The 10m DEM, by resolving small-scale natural obstacles, confines the hazard more closely to the coastline, offering
a more accurate, albeit less conservative, depiction of the inundation extent.

Similarly, the effect of including larger volume landslides is evaluated by comparing Figure 5a-b and Figure 6a-b. In both
cases, incorporating the 40 x 10° m? scenarios (Figs. 5b and 6b) increases the overall hazard.

In summary, the most conservative hazard assessment, in terms of spatial extent and probability values, is provided by the
setup in the Database A, >1 x 10° m® range (Fig. 5b), while the least conservative is that of Database B, 1-30 x 10° m3 range
(Fig. 6a). Presenting this matrix of results is therefore essential for transparently communicating not only the tsunami hazard

but also the significant uncertainty associated with key modelling choices.
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Figure 5. Probabilistic maps for exceeding a water depth of 0.5 m over a 50-year horizon for the Database A. (a) Volume

425  range 1-30 x 10° m3; (b) volume range >1 x 10° m®.

18



https://doi.org/10.5194/egusphere-2026-1602

Preprint. Discussion started: 20 April 2026 EG U h N
© Author(s) 2026. CC BY 4.0 License. spnere
(@O

BY

Preprint repository

i‘ 1e6
4.296
100%
4.295 - 80%
>
= 0
4.294 - = 60%
@
0
o
al 40%
4.293
20%
4.292 -
0%
516000 517000 518000 519000 520000 521000
M 1e6
4.296 50“‘
100%
4.295 A 80%
>
= 0
4.294 - I 60%
(]
i)
o
a | 40%
4.293 -
20%
4.292 -
0%
516000 517000 518000 519000 520000 521000
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To further investigate the hazard, we analysed the sensitivity of the probabilistic maps to the chosen water depth threshold.
Figure 7 illustrates this by comparing the 50% percentile probability map of the 0.5 m (Fig. 7c, same as Fig. 6b) for three
different exceedance thresholds (Fig. 7a, b, d): 0.1 m, 0.2 m, and 1.0 m. These maps were all generated using a setup combining
the Database B with the >1 x 10° m® volume range. The full maps for these thresholds are displayed in Figs. S1-S6.

The comparison reveals a striking result: the overall footprint of the area with significant hazard probability remains
remarkably stable, showing only minor contractions as the water depth threshold increases from 0.1 m to 1.0 m. Although
subtle differences exist, with a slightly larger and more uniform hazard area for the 0.1 m threshold as expected, the primary

boundaries of the inundated zone do not change substantially.
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Figure 7. Sensitivity of the 50% percentile probabilistic inundation map to the water depth threshold. The maps show the 50-
year probability of exceeding (a) 0.1 m, (b) 0.2 m, (c) 0.5 m, and d) 1.0 m, all for the Database B and >1 x 10°m? volume

range setup.

3.2.2 Hazard maps with fixed probability

The probabilistic inundation maps corresponding to a 10% exceedance probability in 50 years are shown in Figures 8 and 9.
Those corresponding to the 2% exceedance probability are displayed in Figs. S7-S8 from the Supporting Information. This
type of map is particularly useful for planning purposes as it visualizes the expected inundation intensity for a given likelihood
level.

The three columns within each row effectively visualize the uncertainty associated with the water depth for this 10%
probability level. The 5% percentile map represents a more moderate inundation scenario, with water depths generally below
1-2 meters even in the most exposed areas. The Median map shows a more significant inundation, with depths commonly
exceeding 2 meters along the coast. The 95" percentile map depicts a far more severe scenario; for the same 10% probability,
the expected water depths are higher, with water depth > 5 meters along the entire waterfront. This highlights the substantial
uncertainty in the potential intensity of a "10% probability" event.

The most significant factor influencing the results is the DEM resolution, which primarily controls the spatial extent of the
hazard. Comparing the maps generated with the Database A (20m DEM resolution, Fig. 8) to those with the Database B (10m
DEM resolution, Fig. 9), it is evident that the former consistently produce a much larger inundation area for the same percentile
and volume range. This effect is particularly pronounced in the 95 percentile maps, where the inundation from the Database
A extends significantly further inland across the coastal plain. While the Database B provides a more heterogeneous and
detailed inundation pattern, with corridors of deeper flow and shadow zones, its overall footprint is more constrained.

The inclusion of larger landslide volumes (>30 x 10° m?) also has a clear and significant impact, primarily on the intensity of
the inundation. Comparing the results for the 1-30 x 10® m® range (Figs. 8a and 9a) with those including the 40 x 10® m?
scenarios (Figs. 8b and 9b) reveals a striking increase in inundation severity. For the same 10% exceedance probability, the
water depths in the lower two rows are significantly higher across all percentiles. The Median and 95 percentile maps, in
particular, shift from showing predominantly 1-2 meters of water depth to > 5 meters of water depth. This demonstrates that

including high-consequence events in the analysis drastically elevates the expected water depth for any given probability level.
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Figure 9. Probabilistic maps showing the inundation water depth corresponding to a 10% exceedance probability over a 50-

475  year horizon for the Database B. (a) Volume range 1-30 x 10° m?; (b) volume range >1 x 10° m®.
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To complete the analysis, we investigated how the expected inundation intensity changes for different levels of exceedance
probability. Figure 10 compares the water depth maps for two different 50-year exceedance probabilities, 2% (Fig. 10a) and
10% (Fig. 10b), across all three statistical estimators: the 5%, 50™ and 95% percentiles (left, central, and right columns,
respectively). All maps were generated using the most detailed setup (10m DEM with the >1 x 10¢ m® volume range).

The results reveal a complex, non-uniform sensitivity that depends on the percentile considered. For the 50 percentile and
95™ percentile maps (central and right columns in Fig. 10), a striking saturation effect is observed. The inundation intensity is
remarkably insensitive to the chosen probability level, with the maps for 2% and 10% probability being nearly identical. This
suggests that for the median and reasonably pessimistic scenarios, the upper tail of the hazard curve is very steep. Once the
analysis includes high-consequence events, a significant decrease in probability (from 10% to 2%) does not correspond to a
significant increase in the predicted water depth.

This dual behaviour has profound implications for hazard assessment. For the 50™ and 95 percentile maps, the hazard appears
to reach a plateau, meaning that planning for a 10% probability event may already provide robust protection against much
rarer tsunamis, or the other way around, that is planning for a better protection may be worthwhile as it adds a limited marginal
cost. For the 5™ percentile maps, however, the severity continues to scale with the rarity of the event. This highlights the

complex nature of the hazard distribution, where the uncertainty tails behave differently from the central tendency.
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Figure 10. Effect of the exceedance probability level on the percentile inundation depth maps. All maps were generated using
the 10m DEM with the >1 x 10® m? landslide volume range. a) water depth for a 2% probability in 50 years; b) water depth
for a 10% probability in 50 years.

3.2.3 Hazard Curves

A detailed, quantitative assessment of the tsunami hazard at specific locations is provided by hazard curves, which were
generated for 6 points of interest around the island (see Fig. 1). In this section, we present and discuss the results for two
representative sites within the Stromboli village: "Centrale ENEL", located directly on the waterfront and highly exposed, and
"Area di attesa Ficogrande," situated further inland at a slightly higher elevation. In addition to their locations with respect to
the coastline, they are interesting as they are the island power plant, and one of the assembly points to be used after evacuation,
respectively. The hazard curves for these sites (Figures 11 and 12) plot the 50-year probability of exceeding a range of water
depths and are presented for all four set of maps (Databases A and B and 1-30 x 10°m3 >1 x 10 m> volume ranges), showing
the 5", Median, and 95" percentile results. The hazard curves for the additional sites shown in Figure 1 are provided in Figs.

S9-S12 from the Supporting Information.
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These curves provide a synthesis of the hazard and its associated uncertainty. The vertical distance between the 5™ percentile
(blue line) and the 95 percentile (green line) illustrates the wide range of uncertainty in the exceedance probability for a given
water depth, which often spans more than an order of magnitude. Similarly, the horizontal distance between these curves
quantifies the uncertainty in the inundation water depth for a given probability level. For example, at the Centrale ENEL site
for a 10% exceedance probability, the expected water depth could range from approximately 2 meters (5% percentile) to over
6 meters (95" percentile), highlighting the vast range of plausible outcomes.

The shape of the curves, particularly the steepness of their "roll-off" at higher water depths, is fundamental to understanding
the nature of the hazard. For the Centrale ENEL site (Figure 11), the Median and 95" percentile curves (orange and green
lines) exhibit an extremely steep decay for low probabilities (<10%). This explains the "saturation effect" observed in the
corresponding maps: in this steep portion of the curve, a large decrease in probability (e.g., from 10% to 2%) translates into
only a minor increase in the associated water depth. Conversely, the 5™ percentile curve (blue line) has a much gentler slope,
explaining why for this percentile, a similar decrease in probability corresponds to a much more significant increase in expected
water depth.

The effect of the DEM is particularly evident at the “Area di attesa Ficogrande” site (Figure 12). While the Database A (20m
DEM) predicts a non-negligible hazard, the curves generated with the Database B (10m DEM - bottom panels) drop to near-
zero probability for any significant water depth.

The effect of including larger landslide volumes is also clear and systematic. In all panels of both figures, the curves for the
>1 x 10® m® range (right columns) are consistently shifted to the right compared to those for the 1-30 x 10% m? range (left
columns). This indicates, as expected, a higher hazard level, where any given exceedance probability corresponds to a greater
water depth when high-consequence events are included in the analysis. It is important to note that since the x-axis is on a
logarithmic scale, even a visually moderate shift in the right-hand part of the graph corresponds to a significant increase in the
absolute water depth, often on the order of several meters. This shift is pronounced across all percentiles, underscoring the

substantial contribution of larger, rarer events to the overall hazard assessment.
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Figure 11. Probabilistic hazard curves for the "Centrale ENEL" site. The panels compare the results for the four different

model setups: Database A (a-b), Database B (c-d), 1-30 x 10° m® volume range (a-c), and >1 x 10°m? volume range (b-d).

Each panel shows the 50-year exceedance probability as a function of water depth for the 5, 50", and 95" percentiles of the

hazard distribution. Vertical grey dashed lines correspond to the water depth thresholds used for map production (0.1, 0.2, 0.5

and 1 m).
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Figure 12. Probabilistic hazard curves for the "Area di attesa Ficogrande" site. The panels compare the results for the four
540 different model setups: Database A (a-b), Database B (c-d), 1-30 x 10° m* volume range (a-c), and >1 x 10°m? volume range
(b-d). Each panel shows the 50-year exceedance probability as a function of water depth for the 5%, 50", and 95 percentiles
of the hazard distribution. Note the drastic reduction in hazard for this inland site when using the Database B (c-d). Vertical

grey dashed lines correspond to the water depth thresholds used for map production (0.1, 0.2, 0.5 and 1 m).
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3.2.4 Hazard profiles

Regarding the hazard profiles (Figures 13-14), the values from the 2D probabilistic maps (5", Median, and 95" percentiles)
were interpolated at a high number of points along this contour to generate a continuous 1D representation of the hazard. In
each panel of the resulting figures, the thin, oscillating line represents the direct result of the interpolation, while the thicker
dashed line shows a smoothed version of the same profile, which helps to visualize the underlying trend by filtering out high-
frequency noise. We stress that the sites corresponding to the hazard curves of Figs. 13-14 are not located along the 15 m
isoline: rather, they are included just to provide an indication of the point along the isoline which is closest to the site of the
hazard curve.

Figure 13 shows the resulting profiles for the probability of exceeding 0.5 m of water depth, comparing the Database A (Fig.
13a) with the Database B (Fig. 13b) both for the >1 x 10°® m® volume interval. These profiles reveal that the probability of
significant inundation is consistently high within the village, though with some localized variations. A dip is observed along
the segment between "Scalo dei Balordi" and "Area di attesa Ficogrande". A more subtle decrease is visible east of "Area di
attesa Ficogrande" while a more significant and progressive drop in probability occurs in the easternmost section, from
"Centrale ENEL" to "Molo Scari".

In contrast, the profiles showing the water depth for a fixed 10% exceedance probability (Figure 14) exhibit a greater
variability. Here, a clear decreasing trend in water depth is visible moving from west to east, away from the area of direct
impact of the waves generated at the Sciara del Fuoco. This trend is smoother and more evident in the profiles from the
Database A (Fig. 14a), while it is superimposed with high-frequency oscillations in the profiles from the Database B (Fig.
14b).

A key difference between the two sets of profiles is the frequency of the oscillations, which directly highlights the impact of
the DEM resolution. The profiles derived from the Database B (panel b in both figures) consistently exhibit high-frequency
oscillations that are much more pronounced than in the profiles from the Database A (panel a). This is a numerical artifact
originating from the interpolation procedure. As the profile is traced along the 15 m isobath, the bilinear interpolation samples
values from the underlying discrete grid of the probabilistic map. Each oscillation corresponds to the path crossing from one
set of four grid cells to the next. Since the 10m DEM has a finer grid, these crossings occur more frequently, resulting in the
observed high-frequency noise. The 20m DEM, being coarser, produces a smoother profile with lower-frequency oscillations,
as the path remains within the same set of interpolating cells for a longer distance.

Finally, the profiles provide a quantitative measure of the uncertainty along the selected isoline. The vertical distance between
the 5™ and 95 percentile curves is substantial in all cases, reinforcing the wide range of plausible outcomes derived from the
expert elicitation. This is particularly evident in Figure 14, where the 95" percentile water depth is often several times greater
than the 5" percentile value for the same 10% probability, underscoring the large uncertainty in the potential intensity of the
inundation. It should be noted that, for the profiles obtained for a fixed probability (Figure 14), despite the resolution-induced

differences in signal smoothness, the spatial position of the relative peaks (local maxima) along the 15 m isohypse remains
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consistent between the two databases. This consistency indicates that the identification of the most exposed segments of the

coast is robust and not heavily dependent on the specific model setup.
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Figure 13. Profiles along the 15 m isoline of the 20m DEM (5"-50"-95") for maps with water depth 0.5 m for a) Database A

and b) Database B. Vertical dashed lines correspond to the closest point along the 15 m isoline (black dots in the map to the

right) to 5 out 6 sites where hazard curves have been developed (black crosses in the map to the right; see Section 3.4).

30



https://doi.org/10.5194/egusphere-2026-1602
Preprint. Discussion started: 20 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

q| 25 . i i ; .
1 5 ! E — 5" percentile !
- T4 | ; | —— 50" percentile !
! ! ! ! —— 95" percentile !
é 15J \I“ ';“u i i /’\\ i i
£ 1 b ] 1 " 1 1
I \ & : : s : |
[0} ' \ ! 1 Tl i I
© \ Ki i i i i i
5 101 1R s s s s
o IR : ' : :
= WERR ! : :
3 R : : J '\ E
0 \‘\A‘R- .‘A; B S + _ﬁi_ EL :
Spiaggia Scalo dei Area attesa Centrale Molo
lunga balordi Ficogrande ENEL Scari

— 5" percentile
—— 50" percentile

—— 95" percentile

Water depth (m)

\
ﬁvi’il\-g.'ﬁ

e A

) b LY L TR WP\,

Spiaggia Scalo dei Area attesa Centrale Molo
lunga balordi Ficogrande ENEL Scari

585
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b) Database B. Vertical dashed lines correspond to the closest point along the 15 m isoline to 5 out 6 sites where hazard curves

have been developed (see Section 3.4).
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4 Discussion

This study presents a first PTHA for Stromboli Island, stemming from potential landslides on the Sciara del Fuoco. As indicated
in the companion paper of Tadini et al. (submitted), the importance of this study lies in the current incompleteness of a full
PTHA for Stromboli Island. While in fact a PTHA from seismic sources is available for the Mediterranean Sea (Basili et al.,
2018; 2021), it is currently missing from local sources such as landslides induced by volcanic activity. This work therefore
represents a first step toward a more comprehensive PTHA for Stromboli Island.

In this study, by integrating two large databases of numerical tsunami simulations with a structured expert elicitation, we have
produced a suite of probabilistic inundation maps and hazard curves that quantify not only the expected hazard but also its
associated uncertainty. The simulation databases were developed using high-resolution 20m and 10m topobathymetries and
two versions of an advanced non-hydrostatic numerical model. The uncertainty in landslide source parameters—such as
volume, initial position, and frequency of occurrence—was quantified through an expert elicitation and propagated through
the entire hazard assessment workflow. This latter produced a series of probabilistic hazard maps presented as a set of three
maps that help in quickly visualising the uncertainty. The incorporation of uncertainty in maps and curves is already established
when dealing both with volcanic (see e.g. Neri et al., 2015; Constantinescu et al., 2022; Tadini et al., 2025) and tsunami hazard
(see e.g., Glimsdal et al., 2019; Levholt et al., 2020; Tonini et al., 2021). Following these approaches of quantitative hazard
assessment, our approach includes:

e a quantification of both epistemic and aleatoric uncertainty through a formalized expert elicitation (considering the
Cooke’s Classical Model);

e a modelling approach where a substantial set of simulations are developed in different databases (for sensitivity test
with respect to DEM resolution and code version) and combined with the probabilities obtained from expert
elicitation;

e arepresentation of uncertainty through different products (hazard maps, hazard curves and hazard profiles) that allow

to carefully evaluate the hazard with respect to different locations.

4.1 Sensitivity of the results to the use of a different model version, DEM and landslide volume range

The combined use of the new, high-resolution 10 m DEM and the updated '2025 version' of the code (Database B) results in a
systematically lower hazard estimate compared to the 20 m DEM and the 2021 code version' (Database A).

Regarding the use of different code versions, we can see a systematic effect: the new 2025 code version leads to a significant
reduction in water depth, between 1 and 3 meters, over a vast portion of the village compared to the previous version for the
20m DEM, while it is more balanced (reduction and increase in water depth in different portions of the village) for the 10m
DEM. This highlights a strong interaction between the model physics and the topographic details, where the updated code

produces a less severe inundation when run on a high-resolution DEM. However, as already mentioned in the previous section,
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the effect of the use of different code versions is lower than the effect derived from the use of different DEMs, especially with
respect to the inundated area.

Although the comparison between simulations performed using the 10 m and 20 m DEMs highlights significant differences in
inundation patterns, these differences should not be interpreted solely in terms of grid resolution. Rather, they reflect a
combination of factors related to data accuracy, data preprocessing, and the characteristic spatial scales of the physical
processes involved. For the bathymetric domain, the new topobathymetry can be considered more accurate. The bathymetric
data are more recent and originate from surveys with a much higher native resolution, allowing for a more reliable
representation of near-shore morphology and, consequently, a more accurate simulation of tsunami wave propagation in the
marine environment. For the subaerial domain, the interpretation is more complex. While the new topographic dataset is also
more recent, it presents some intrinsic limitations. In particular, the DEM is not filtered for vegetation, and tall trees are
therefore retained in the elevation model. As a consequence, these elements act as obstacles to tsunami propagation with
dimensions comparable to the tree canopy, whereas the actual physical obstacle (the trunk) would have a much smaller impact.
This effect is related to the lack of vegetation filtering in the source data rather than to the DEM resolution itself. In addition,
the 10 m resolution represents an intermediate scale that is sufficient to partially resolve buildings, which may locally act as
barriers to flow, but insufficient to properly represent narrow streets and alleys that characterize the built environment of
Stromboli village. This combination may locally restrict flow propagation and result in inundation patterns that are influenced
by partially resolved urban features. Conversely, the 20 m DEM introduces a stronger smoothing of small-scale features,
reducing the influence of individual buildings and resulting in a more conservative representation of inundation extent over
urban areas. For this reason, despite its coarser resolution, the 20 m DEM may provide a more conservative hazard assessment
on land. Overall, it is therefore difficult to identify a single optimal DEM for tsunami hazard modelling at Stromboli. The two
datasets present complementary advantages and limitations: the higher-resolution DEM offers a more accurate representation
of marine wave propagation, while the coarser DEM may yield more conservative and stable inundation estimates on land.
Presenting results obtained with both datasets allows these sources of epistemic uncertainty to be explicitly explored and

communicated. Similarly, the choice of the landslide volume range involves a trade-off between completeness and

3 3

methodological assumptions. The analysis including larger volumes (>1 x 10% m?, incorporating 40 x 10° m? scenarios)
provides a more comprehensive and conservative assessment of the hazard intensity, as it includes (although with limitations)
all the scales of TLs identified by the four volume ranges defined in the elicitation. However, this required an assumption to
handle the unbounded nature of the largest volume class elicited (>30 x 10° m?), for which we assigned the entire probability
to the 40 x 10° m3 scenarios. While this approach captures the impact of high-consequence events, the choice of a single

representative volume is an acknowledged simplification.

4.2 Hazard assessment in critical areas of Stromboli village

The primary and most critical finding of this work is the quantification of a high probability of tsunami inundation for the

inhabited coastal areas of Stromboli over the next 50 years. The probabilistic maps show that significant inundation is not a
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remote possibility but relatively likely. In particular, the 95" percentile maps - representing a severe but plausible “1-in-20”
outcome from the range of expert uncertainty - indicate that widespread inundation by at least 0.5 m of water is likely. The
hazard curves for critical sites reinforce this conclusion, showing non-negligible probabilities of exceeding damaging water
depths. These results provide a first quantitative basis for civil protection authorities and stakeholders to inform risk mitigation
strategies, emergency planning, and public awareness campaigns.

The remarkable stability observed when water depth threshold increases from 0.1 m to 1.0 m strongly suggests that the
maximum inland penetration of the tsunami is dominated by the local topography rather than the specific height of the incoming
wave. For the majority of the tsunamigenic scenarios, the waves likely possess sufficient energy to travel across the flat coastal
plain until they are stopped by an abrupt change in slope at the edge of the village. The final inundation limit is therefore
primarily a function of the terrain morphology, which acts as a natural barrier.

This finding has a critical implication for hazard assessment at Stromboli: in the vulnerable coastal areas, there is not a gradual
relationship between wave height and inundation extent. Instead, once a minimal inundation threshold is surpassed, the flow
is likely to occupy the entire susceptible low-lying area. This means that even scenarios producing waves of apparently
moderate height (e.g., just over 1 m at the coast) can lead to a widespread and significant inundation across the village
waterfront. Consequently, the entire low-lying coastal plain should be considered exposed to inundation, regardless of the
specific tsunami scenario.

With respect to site-specific analysis, some comparison could be done with respect to sites where we developed hazard curves
and the effect of the 2002 tsunami described in Bertagnini et al. (2003) and Tinti et al. (2006a). The site of “Spiaggia Lunga”
(point 1 in Figure 1) is the area where the highest runup of all the 2002 event was measured (10.9 m; Tinti et al., 2006a).
Despite the large uncertainty expressed by the 5"-95% percentile range, our hazard estimates indicate a probability of equalling
or exceeding 0.5 m in the next 50 years that is consistently > 70% as median probability (depending on the database/volume
range chosen; see Figs. S9-S12 from Supporting Information). Similarly, the “Centrale ENEL” site (which was flooded during
the 2002 tsunami; Tinti et al., 2006a) shows probabilities for the same threshold consistently > 60% as median probability (see
Fig. 11), indicating a major hazard for this very sensitive site. The “Area di attesa Ficogrande” site (Figs. 1 and 12), as
previously noted, is located outside the inundation area of the 2002 tsunami, over which the current Italian civil protection
plan is based (Protezione Civile, 2015). For this site, we highlight the dual behaviour observed when considering maps obtained
with the Databases A and B (Fig. 12). While in fact for the 10 m database the probability of inundation is zero, Database A the
probability of equalling or exceeding 0.5 m in the next 50 years is > 5% or > 10% as median probability, indicating a non-
negligible hazard also for this site (taking also into account the capability of a tsunami wave of 0.5 to drag away an adult).
Figures 13 and 14 have a double advantage. From one side it could offer a quick view useful to identify trend in hazard
assessment and link them to morphological aspects of the coastline. For example, in Figure 13 the decrease in probability
values to the east of "Area di attesa Ficogrande" can be interpreted as a sheltering effect caused by the orientation of the

coastline relative to the incoming waves from the northwest. Along the same line, the significant drop in probability occurring
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in the easternmost section ("Centrale ENEL" to "Molo Scari") indicates that this area becomes progressively more shielded
from the main tsunami impact.

On the other hand, hazard profiles are useful in case one would like to evaluate the hazard along a line describing the maximum
runup of a known event (i.e., the measured maximum runup of the 2002 event; Tinti et al., 2006a). In our case, choosing the
15-m isoline is conservative with respect to the maximum runup measured for the 2002 event (10.9 m) but helps in evaluating
the hazard along critical limits, that in our case is beyond the safe zone area as defined by the current Italian civil protection

plan.

4.3 Limits and future developments of the current approach

The approach and the results described in previous sections represent a first step toward a more quantitative tsunami hazard
assessment for Stromboli village. The large uncertainty quantified in our results is indicative of the high sensitivity of the
investigated area with respect to even small fluctuations in both the volume/location of landslide but also to the probabilities
of different scenarios in the next 50-year period.

To summarize some considerations from the previous sections, we wish to add that the maps/curves produced, when considered
individually, may present certain limitations, specifically:

e Lessaccurate topobathymetry for maps/curves produced using 20 m simulations. On one hand, the source bathymetric
data is less accurate; on the other, at a 20 m resolution, the smoothing of the topography produces a much more
uniform inundation model, lacking visible effects of obstacles at the scale of individual buildings.

e At a 10 m resolution, the inundation maps clearly show the local effects of buildings or small natural elements on
wave propagation. However, an even higher resolution is likely requisite for an accurate description of these effects,
in order to model the impact of alleys and streets between individual buildings.

e Concentration of probability for the volume interval V > 30 x 10® m? within a single scenario (40 x 10° m®) for
maps/curves produced with simulations at both 10 m and 20 m with volumes =1 x 10° m>.

For future developments, higher-resolution DEMs, more accurate reconstruction of landslide volumes of past events, or
updated estimates of landslide frequency could significantly modify both the spatial extent and intensity of the hazard. Future

work could focus on incorporating these improvements to refine hazard estimates and reduce epistemic uncertainty.

5 Conclusions

This work provides the first probabilistic tsunami hazard assessment study for landslides induced by volcanic activity at
Stromboli volcano along the Sciara del Fuoco. By integrating probabilities derived from expert elicitation and numerical
modelling of different landslide scenarios (mainly different volumes and initial landslide positions), we produced inundation
maps, hazard curves and hazard profiles, explicitly quantifying the large uncertainties inherent in the process (through the

representation of maps/curves/profiles corresponding to 5%/50%/95" percentile values). These maps/curves were produced
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taking into consideration the temporal framework of the next 50 years, as derived from the expert elicitation. We also explored
the sensitivity of the results to: 1) different resolution of the DEMs used for numerical modelling (10 m and 20 m), ii) different
model version, and iii) different landslide volume range. In this way, we therefore offer a transparent basis for hazard
assessment and mitigation planning. The sensitivity analysis indicates that the impact of the use of different DEMs is more
important (when considering the extent of the inundated area) with respect to the use of different model versions and different
landslide volume ranges.

Key products include hazard maps (for four fixed water depth thresholds and for two fixed probability values), hazard curves
for 6 sensitive sites along the coast of Stromboli. In addition, hazard profiles along the specific 15-m elevation isoline are
derived from the corresponding hazard maps to explore the hazard at specific elevations. Important findings of this work
indicate that, from a qualitative point of view, the 95™ percentile maps indicate that widespread inundation by at least 0.5 m of
water is likely. More quantitatively, water depths of > 0.5 m have a median probability of > 60 %, regardless of the DEM
chosen or the landslide volume range considered, for the main critical infrastructure of Stromboli Island (i.e. the local power
plant). In addition, for one of the most touristic beaches of the island (“Spiaggia Lunga”), in the next 50 years the median
probability of the same water depth threshold is similarly > 70 %. Inspection of hazard profiles along specific isolines, indicates
that for the 15-m elevation isoline there is still a considerable hazard that this zone could be impacted by tsunami waves > 0.5
m. These hazard products may support coastal planning at Stromboli for volcano-generated tsunamis, including evacuation
mapping for responses to alerts issued by the local tsunami warning system (Ripepe and Lacanna, 2024; Schindelé et al., 2024;
UNESCO/IOC, 2024).

To conclude, it is important to recognize that PTHA is an evolving process. These maps and curves represent the current state
of knowledge and should be considered a living product, subject to future updates as new data become available, numerical

models improve, and our understanding of the underlying physical processes is refined.

Code and data availability

The simulations used to create hazard maps and curves are freely downloadable from de’ Michieli Vitturi (2026a-b) databases.
The simulations presented in this study were carried out using the Multilayer-HySEA code. The source code is publicly

available at the GitHub repository: https://github.com/edanya-uma/Multilayer-HySEA.
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