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1 | INTRODUCTION

As well as representing the site of complex interactions between
marine and continental processes (Distefano et al., 2021a, 2021b;
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Abstract

The Mediterranean coastlines are densely populated zones which host key socio-
economic and commercial activities. For this reason, coastal areas are vulnerable sites
in case of natural disasters as tsunamis that can strike coasts causing widespread
damage to the population and facilities. For these reasons, several studies were per-
formed over the last decade to study the impact of tsunami waves on the coasts. This
research assessed the inundation risk due to a tsunami wave which can hit the south-
eastern coast of Lampedusa Island. The coastal low-lying geomorphological setting
of the southeastern part of the island led to significant socio-economic growth, but
Lampedusa falls within the Mediterranean Sea, a high-tsunamigenic area, therefore,
the need to investigate tsunami propagation and coastal flooding of this sensitive site
emerged. For this scope, a calculation chain model was implemented incorporating
three steps: the DELFT-3D software for earthquake effects modelling, MIKE 21 Flow
Model FM for nearshore propagation and HEC-RAS for onshore tsunami inundation
modelling. The simulations illustrate the impact of three tsunami scenarios with dif-
ferent magnitudes (M,, 8.5, 7.5, 6.5) generated by hypothetical earthquakes in the
Hellenic Arc. In the M,, 8.5 magnitude scenario, significant flooding occurs in the har-
bour region, with maximum water depths reaching approximately 3.5 m. The maxi-
mum water velocity in this scenario reaches about 15 m/s in the eastern portion,
adjacent to cliffs impacted by the tsunami wave. In contrast, the M,, 7.5 magnitude
scenario demonstrates reduced flooded areas, with the cliffs containing the waves
and preventing further flooding. Water depths and velocities in the M,, 7.5 scenario
remain minimal. Changes in both propagation and flooding are not significant
between scenarios M,, 7.5 and M,, 6.5. This methodology can be employed for more
accurate tsunami wave simulations not only in the Mediterranean region but also in

various case studies.
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Laksono et al., 2022, 2023; Swift, 1968), coastal zones provide
space for living and working for a large part of the world’s
population, and they host most of the world’s megacities. These
areas can be exposed to catastrophic coastal flooding caused by
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various phenomena: tsunamis, hurricanes, storm surges and river
floods (Kron, 2013). Tsunamis can be generated by earthquakes,
coastal landslides, submerged landslides and collapsing seamounts.
Historically, both earthquakes and volcanic eruptions have been the
main sources of tsunamis in the Mediterranean region (Heidarzadeh,
Gusman, & Mulia, 2023; Soloviev, 1990; Tinti & Maramai, 1996),
which represents - in contrast to oceanic areas - a relatively small
environment characterized by densely populated coastal areas
(AIvarez—G(’)mez et al., 2011). For these reasons, the Mediterranean
coast is a suitable test site for the study of the impact of tsunamis.

The Mediterranean area is characterized by a complex geo-
dynamic framework related to the tectonically active convergence
between the Eurasian and Nubian plates and the differential subduc-
tion rates of ~5-10 mm/yr across the subduction boundaries of the
Hellenic and Calabrian arcs (Masina et al, 2017; Royden &
Papanikolaou, 2011). This area is therefore be affected by significant
seismic activity, both in terms of frequency and intensity (e.g. Altinok
et al., 2011; Maramai, Brizuela, & Graziani, 2014; G. Papadopoulos
et al., 2007; Salamon et al., 2011; Soloviev et al., 2000; Tinti,
Maramai, & Graziani, 2004; Triantafyllou et al., 2024).

According to the Euro-Mediterranean Tsunami Catalogue
(Maramai, Brizuela, & Graziani, 2014), several tsunami events have
occurred in the eastern Mediterranean Sea, including for example July
21, AD 365 and August 8, 1303 in Crete; May 3, AD 1481 in Rhodes;
February 28, AD 1629 in Kythera; and January 22, AD 1899 in
Kyparissia (England et al., 2015; Pararas-Carayannis, 2011; Yolsal-
Cevikbilen & Taymaz, 2012). The estimated magnitudes of historically
documented tsunamigenic earthquakes in the eastern Mediterranean
region and its adjacent seas, over the past 2.5 millennia, range from
Mw 6.5 to approximately Mw 85 (Masina et al, 2017;
Papadopoulos & Papageorgiou, 2014).

In the scientific literature, there are several studies on past tsu-
namis recorded in the Mediterranean Sea. These studies analysed and,
in some cases, pointed out the possible tsunami sources and effects
on the coasts (e.g. Menager, Guilhem Trilla, & Delouis, 2023;
Papadopoulos & Fokaefs, 2005). However, in recent years, there has
been a limited effort in the scientific community to model tsunami
dynamics, from its propagation from the triggering source to the
impact and effects of tsunami waves on the coasts. There are a few

manuscripts that examine the relationship between the seismic origin,

the tsunami propagation and the coastal flooding (e.g. Alvarez-Gomez,
Herrero-Barbero, & Martinez-Diaz, 2023; Heinrich et al., 2024; Lo Re
et al., 2022; Lo Re, Manno, & Ciraolo, 2020; Peresan & Hassan, 2024)
and less numerous studies can be found (Mueller et al., 2020) that
analysed the impact of possible tsunamigenic events in the central
Mediterranean area by simulating real seismic tsunami events, even
though there are densely populated islands with different geological
characteristics, as the Maltese archipelago, Pantelleria and the Pelagie
Islands, which share a poorly protected position from possible
catastrophic tsunami waves generated by the tectonic sources of the
eastern Mediterranean.

This study aims to assess the coastal inundation of Lampedusa
Island, due to a tsunami. To obtain this result, seismic scenarios with
different magnitudes and different physical parameters of the fault
were considered on the Hellenic Arc. The propagation of a tsunami
from the Hellenic Arc to the island of Lampedusa was then carried
out. A properly implemented computational chain was used for the
numerical simulation.

Three numerical models were used respectively, the first to prop-
agate the tsunami from the eastern to the central Mediterranean area,
the second to propagate the tsunami from offshore to the south-
eastern coast of Lampedusa Island, and finally the third model to
assess the tsunami inundation. Lampedusa Island is a highly attractive
place for tourism and offers several beaches of rare beauty and natu-
ral and landscape value, which make the Island one of the most popu-
lar destinations in the Mediterranean Sea, and the low-lying coastal
setting of the southeastern part of the island provides an ideal loca-
tion for transport infrastructures and commercial facilities. Indeed, this
area was chosen because the risk of a potential tsunami disaster inun-
dation could be rather high.

2 | STUDY AREA

2.1 | Geodynamic framework of the central
Mediterranean Sea

Three geodynamic regions where the structural sources are responsi-
ble for the major earthquake hazard in the central Mediterranean

region are as follows (Figure 1):

FIGURE 1 Morphotectonic schematic map of the Central Mediterranean Sea (Finetti et al., 2005), showing the location of the recent
earthquakes (1985-2023, INGV catalogue) with mw > 4.0. The maximum concentration earthquakes are along the tectonic structures of the

Hellenic Arc (Lo Re, Manno, & Ciraolo, 2020).
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1. The northern segment of the Malta Escarpment is characterized by
NNW-SSE, east-dipping extensional faults and a lithospheric-scale
lateral slab tear between the lonian oceanic basin and the Hyblean
Plateau (Polonia, Vaiani, & De Lange, 2016). These active faults are
mechanically capable of generating M,, 6-7 earthquakes and may
be responsible for some enigmatic historical earthquakes (Mueller
et al.,, 2020).

2. The Calabrian Arc has been characterized by the subduction of
remnants of the Mesozoic Tethys Ocean for the last 80 Ma
(Faccenna et al., 2001; Mueller et al., 2020). Subduction today is
confined to a 150 km zone between the Strait of Messina and
Catanzaro (South Italy) and is associated with slab roll-back that
began in the late Miocene (Goes et al., 2004). Large historical
earthquakes, such as the 1,693 earthquake (Mw 7.3) in south-
eastern Sicily (Gutscher et al., 2006) and the 1905 earthquake (M,,
7.0) in central Calabria have been associated with the shallow por-
tion of the plate interface or slab.

3. The Hellenic Arc and its back-arc region of the Aegean Sea are the
most  seismically active regions in the Mediterranean
(Heidarzadeh & Gusman, 2021; Papazachos, 1996). As a result of
the stress build-up along the boundaries and within the affected
crustal blocks, shallow, interpolate and intermediate-depth seis-
micity is extremely high (365 A.D. earthquake - M,, 8.4) in the
western segment of the Hellenic Arc; 1,303 A. D, earthquake (M,,
8.0), in the eastern segment of the Hellenic Arc; 1956 earthquake
(M, 7.5) in the south Aegean Sea (Mueller et al., 2020).

In Figure 1 all the earthquakes (Mw > 4) from the INGV catalogue
(1985-2023 - http://terremoti.ingv.it/en), the EMSC catalogue (2004-
2023 - https://www.emsc-csem.org/Earthquake/?filter=yes) and the
EMEC catalogue (1900-2006 - http://emec.gfz-potsdam.de/pub/

EMEC_Online/emec_online_frame_map.html) are projected. Most of

WILEYL—

these earthquakes occur along the Hellenic Arc, which extends for
hundreds of kilometres NW-SE. The extensive tectonic lineaments
and high frequency of seismogenic events along the Hellenic make
this site a main source for modelling Mediterranean tsunamis that
pose a threat to vulnerable coastal regions, including Lampedusa
Island.

22 |
Island

Geomorphological setting of the Lampedusa

The Lampedusa Island (Sicily, Italy) is located in the southern Mediter-
ranean, at halfway between Sicily and Libya (35°30'13"N-
12°36'25"E), about 250 km southwest of the Sicilian coasts and
130 km east of those of Tunisia. Lampedusa, the main island of the
Pelagian Archipelago (Figure 2), consists of an E-W elongated carbon-
ate shelf, about 11 km long and 3 Km wide, with an area of almost
20 km? and a maximum topographic elevation of 134 mas.l. The
island shows a subplanar surface inclined toward the southwest and is
carved by deep valleys that connect with the narrow inlets along the
coast (Tonielli et al., 2016). The lithological homogeneity (almost
totally the late Miocene limestones of the Lampedusa Formation and
the Quaternary bioclastic grainstones (Grasso & Pedley, 1985); and
the sub-horizontal setting of the strata favoured this tabular morphol-
ogy deeply incised by several river valleys.

The Lampedusa’s shoreline can be divided into two main sectors
(Figure 2): the northern coastal domain, mainly exposed to waves
driven by Mistral wind, exhibits sub-vertical rocky cliffs with eleva-
tions gradually increasing from the east (on average 40-70 m high,) to
the west (80 to 130 m high) in agreement with the orographic setting
of the island. High coasts also characterize the western and south-

western portion of Lampedusa Island with sub-vertical cliffs rising up

FIGURE 2 Geomorphological setting of Lampedusa Island based on digital terrain model with a spatial resolution 2 x 2 m (https://www.sitr.
regione.sicilia.it/geoportale/it/metadata/details/502, last access 24 July 2023). Within the red box, the area study of the south-eastern coastal

domain of the island (reference system WGS84 UTM33N - EPSG 32633).
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to 100 m a.s.l. Generally, along the northern coastal domain, marine
abrasion platforms occur at different elevations suggesting an overall
long-term uplift of the island. The south-eastern coastal domain is
instead characterized by rather irregular coastal landforms dominated
by alternating high- and low-lying coastal morphologies forming a
series of bays and headlands with sandy beaches and cliffs inclined by
an average of 45° (Distefano et al, 2018, 2019, 2022; Panzera,
Sicali, & Lombardo, 2015; Figure 2). Overall, these morphologies
describe a rias-type coast, originated by marine ingression in river
valleys in response to relative sea level rising or to the subsidence

process of the area in response to tilting events.

3 | CALCULATION CHAIN FRAMEWORK
AND VALIDATION APPROACH

This section will describe the methodology proposed and applied in
this work.

It was necessary to build a calculation chain to link all the mod-
elled processes from the simulation of earthquake events to the prop-
agation of the resulting tsunami wave. The developed calculation
chain is characterized, firstly, by modelling the effects of earthquakes
on sea level changes offshore using the DELFT-3D software
(Roelvink & Banning, 1995; Van Ormondt, Nederhoff, & Van
Dongeren, 2020). The elevations of the sea surface (output of DELFT-
3D modelling) thus become the inputs for the subsequent propaga-
tion. Specifically, the propagation of different sea states associated
with various earthquake scenarios, ranging from the —50 m bathyme-
try to the nearshore zone, has been modelled using the MIKE 21 Flow
Model FM (Komen et al., 1996; The Wamdi Group, 1988; Warren &
Bach, 1992). Again the output of the latter simulation (surface eleva-
tions) becomes input to the next one. Thus, the simulation of tsunami
wave propagation onshore over the topography has been conducted
using HEC-RAS software.

Figure 3 displays the flowchart summarizing the modelling calcu-
lation chain.

The framework was validated through the use of benchmarks on
tsunami events documented through the National Oceanic and Atmo-
spheric Administration (NOAA) website.

3.1 | Validation approach
To assess the adequacy and simulation goodness of the proposed
modelling framework we applied the proposed calculation chain and
compared the results visually (qualitatively) and numerically (quantita-
tively) with benchmarks provided by NOOA for the validation process.
Specifically, we applied modelling using DELFT-3D to generate two
real tsunami events and propagate the tsunami wave from its forma-
tion to the offshore area. In particular, the simulated earthquake (and
subsequent tsunami) events are Rat Islands (2003), with epicentre
location at coordinates 51.13 N, 178.74E and magnitude 7.7 and
Unimak (1946), with epicentre location at coordinates 53.32 N
163.19 W and magnitude 8.5 and.

Figure 4 shows the epicentres of the earthquakes used in the vali-
dation process (star in red Unimak and in yellow Rat Islands). The

respective calculation domains used for propagation with DELFT 3D

FIGURE 3 Flowchart of the calculation chain used to assess the
coastal impact of a tsunami.

are indicated in red and dashed yellow. The DART (Deep-ocean
Assessment and Reporting of Tsunamis) points (named with IDs
46,401, 46,402 and 46,403) from which the elevation signals for the
2003 Rat Islands tsunami were obtained, are indicated by white dots.
The location of the port of Hilo is indicated by the yellow dot. A zoom
of the Hilo harbour area with tide gage indication is also shown in the

left-bottom corner of Figure 4.
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FIGURE 4 The figure illustrates the epicentres of earthquakes utilized in the validation, with the corresponding calculation domains for
DELFT 3D propagation marked in red and dashed yellow. White dots indicate DART points (ID: 46401, 46,402 and 46,403) while the yellow dot
denotes the port of Hilo. A zoom of Hilo harbour with tide gauge indication is provided in the bottom-left corner of the same figure.

For the first case (Rat Islands), we compared water elevation
values at three different locations in the ocean. Specifically, at three
DART measuring stations, a system of pressure loggers and buoys
was created by NOAA in 2001 for early tsunami detection and the
collection of critical data for real-time forecasting. In 2003, from three
of these buoys, for the first time in history, tsunami time series fore-
casting was available for a coastal city prior to the arrival of tsunami
waves. For the validation of the first part of the calculation chain
(modelling with 3D DELFT), we use three measured DART signals
with the signals modelled by the first of the calculation chain models
following (Tang, Titov, & Chamberlin, 2009; domain calculation cell
size of 450 m and simulation time step of 10 minutes). The agreement
between the two signals was computed by calculating the difference
between the maximum real and modelled elevation and the minimum
(negative) real and modelled elevation. The error was computed

through Equation 1 expressed as follows:

Peakmeasured - Peakmodeled %

E %] =
ror [A] P eakmeasured

100 (1)

Where Pedkmneasured 1S the maximum positive elevation value
measured and Pedkpogeres is the maximum positive elevation value
obtained from the model.

Similarly, the difference between the recording time of the maxi-
mum and minimum peak of real and simulated elevation (time shift/
lag between the maxima of the series) was calculated.

For the same event in 2003, we extracted from the DELFT 3D
modelling the water level elevation signal at the boundary of the cal-
culation domain used, near Hilo harbour (the most important popula-
tion centre on the island of Hawaii). This signal was provided as input
as a boundary condition to the MIKE 21 model to propagate the wave
in the near-shore area and extract the simulated water level elevation

values at the Hilo Tide Gages (Figure 6). The computational domain of
this second modelling was discretized using an unstructured Delaunay
grid and the computational time-step was set to 30 seconds. The
measured time series of the surface elevation for the 2003 Rat Islands
event at this point is shown in Synolakis et al., 2008 and Tang, Titov, &
Chamberlin, 2009. Again, we compared the two signals (measured and
modelled) numerically by calculating the correlation coefficient, the
RMSE and the difference between the measured maximum and mini-
mum value with the simulated maximum and minimum elevation,
respectively. Again, their shifts/lags in time and error were calculated.

On the other hand, the 1946 event was modelled entirely using
the calculation chain, having in this case a benchmark on the Hilo
harbour inundation presented by Shepard, Macdonald, and Cox
(1950). In particular, DELFT 3D was used to generate the tsunami
event and the propagation was carried out over the entire computa-
tional domain. Using the detailed topo-batimetry (1 x 1 m resolution)
from NOOA (https://www.ncei.noaa.gov/maps/bathymetry/) we
extracted and used the output signal of DELFT 3D, at the calculation
cell closest to Hilo harbour, as the input boundary condition in MIKE
21. In this way, we obtained the sub-coastal water level variations.
The extracted elevation values in this area were inserted as input
stage hydrographs within the boundary conditions of the computa-
tional domain in HEC-RAS to assess the extent of tsunami wave inun-
dation (Figure 7). The result obtained was compared visually and
numerically with that reported in Tang, Titov, and Chamberlin (2009).
We compared the result of the HEC-RAS modelling with the surveyed
inundation values, measured and reported in (Shepard, Macdonald, &
Cox, 1950) as well as with the results of the MOST (Method Of Split-
ting Tsunami) model adopted by NOOA and also reported in (Tang,
Titov, & Chamberlin, 2009). Propagation was simulated on the same
topo-bathymetric data used by Tang, Titov, and Chamberlin (2009) in

order to not affect the results and comparisons. Again, for the
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qualitative-comparative assessment the flood extents predicted by
the different simulation models (MOST and HEC-RAS) were compared
using field observation as ground truth (Shepard, Macdonald, &
Cox, 1950). We therefore constructed binary (flood/non-flood) maps
with 1 x 1 m resolution for comparison and validation of the method-
ology. The accuracy of the predicted classification was assessed using
different measures of prediction performance, such as accuracy,
Matthews correlation coefficient (MCC) and F1 score following
Thalakkottukara et al. (2024). The equations (Equations 2, 3, 4, 5 and
6) describing the calculation of the validation metrics are given below.

TP+TN

Accuracy = TPT TN FPLFN (2
Precision = % (3)
Recall = % (4)
Fyscore— 2« Precision « Recall (5)

Precision + Recall

McC— (TP+TN) — (FP+FN) ©)
/(TP FP)+(TP+FN) = (TN + FP) « (TN+ FN)

Where TP (true positive) and TN (true negative) denote the
count of observed data accurately classified as inundation and
non-inundation, respectively. Conversely, false positive (FP) and
false negative (FN) indicate the number of data points misclassified.

4 | CASESTUDY: LAMPEDUSA ISLAND

The computational chain was used to assess the effects of tsunami
waves, caused by earthquakes in the Hellenic Arc, on the southeast
coast of the island of Lampedusa. This section details the materials
used and how the calculation chain was used specifically for the case
study. Section 4.1 contains a description of all bathymetric and topo-
graphic data. Also, the modelling methodologies adopted for the simu-
lation of earthquake magnitude scenarios and the numerical modelling
of tsunami wave propagation in offshore, nearshore and onshore
areas are presented in sections 4.2, 4.3 and 4.4, respectively.

4.1 | Bathymetric and topographic data

Bathymetric data were collected by the Institute Marine Science of
the National Research Council (CNR-ISMAR) of Naples (ltaly) around
Lampedusa Island from the contribution of the project “Implementa-
tion of research activity and monitoring around Pelagie Islands Marine
Protected Area”, within the project “CAmBIA - Contabilita
Ambientale e Bilancio Ambientale” funded by the Ministry of the
Environment and Protection of Land and Sea (MATTM - Ministero
dellAmbiente e della Tutela del Territorio e del Mare), directive n°
5,135 of march 2015. The data were acquired down to 50 m of depth,
during the oceanographic survey “Lampedusa 2015”. The survey was
performed using a pole-mounted Reson SeaBat 7,125 400 kHz MBES,

providing sub-centimetric resolution. The vessel was equipped with
an Omnistar Differential Global Positioning System (DGPS) and an
IxSea Octans 3,000 gyrocompass and motion sensor that provided
positioning data (with sub-meter accuracy) and attitude data (0.01°
accuracy). A Valeport miniSVS sound velocity probe and a sound
velocity profiler were used to provide the real-time surficial
sound speed for the beam steering and the velocity profile required
for the depth computation. The Reson PDS2000 4.1.2.9 version was
used for logging and processing MBES bathymetric data: tide data,
recorded during acquisition, were applied to all datasets to set up the
real depth before starting the despiking process to generate the final
contour with a 5m line spacing (Innangi et al, 2019; Tonielli
et al., 2016). The contouring was compiled by integrating the bathy-
metric data acquired in 2006 in the frame of the former “Mappatura
morfo-batimetrica di Lampedusa” project (Coastal Consulting
Exploration, 2006; Giardina & De Rubeis, 2012), to complete some
areas remaining from the 2015 acquisition. To compensate for the
lack of bathymetric data in coastal areas (less than —5 m) and within
the port basin, the data acquired from the vessel were integrated with
the bathymetric data extrapolated from the Carta Nautica of Marina
Militare Italiana N°. 240 - Isola di Lampedusa. The complete bathymet-
ric data were then interpolated using linear triangular interpolation to
obtain a digital bathymetry with a resolution of 2 x 2
m. Subsequently, the obtained bathymetry was merged, using the ras-
ter merge tool in GIS software, with the digital elevation model (DEM)
of the Regione Siciliana (acquired in 2013), with a resolution of 2 x 2
m, to create a raster encompassing both negative and positive eleva-
tion values. Furthermore, to ensure a more accurate propagation of
the tsunami wave over the topography, the built-up areas were bur-
ned, resulting in an elevation model of the surfaces (DSM). Hereinaf-
ter, the comprehensive digital model consisting of bathymetry,
topography, and built environment will be referred to as DSM,,.
Figure 4 displays the DSM,, indicating the bathymetric lines and sur-
veyed points used for constructing the detailed bathymetry specifi-

cally developed for this study.

4.2 | Offshore tsunami numerical modelling

The offshore tsunami numerical modelling was run through the Delft
Dashboard and Delft3D, and the tsunami wave propagation was visu-
alized from the ideal tsunamigenic source within the western Hellenic
Arc to the Lampedusa Island with a modelling domain of approxi-
mately 600 x 400 km?2. Three scenarios were modelled by using as
inputs earthquake rupture parameters (i.e. strike, dip, rake, slip and
depth) retrieved from an extensive literature review on Mediterranean
Tsunami events to generate earthquakes with estimated Mw 8.5, 7.5
and 6.5 (Table 1). The fault rupture parameters used to simulate off-
shore tsunami wave generation using Delft3D referred to the most
likely scenarios for inducing Mw 8.5, 7.5 and 6.5 earthquakes originat-
ing from the western Hellenic Arc. The scenario utilized in this simula-
tion also considered the epicentre, depth and rake of several AD
365 earthquake-tsunami studies conducted by (Ambraseys, 2001;
Papadimitriou & Karakostas, 2008; Shaw et al., 2008). An earthquake
magnitude of Mw 8.5 can cause tsunami waves comparable to the AD
365 tsunami (Ohsumi, Dohi, & Hazarika, 2018; Papadimitriou &
Karakostas, 2008; G. A. Papadopoulos et al., 2014), while Mw 6.5 is
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TABLE 1 Earthquake rupture parameters used for the offshore
wave propagation. The parameters were extracted from previous
studies on past tsunamigenic events detected within the Hellenic Arc
that had magnitudes ranging between Mw 6.5 and Mw 8.5
(Ambraseys, 2001; Papadimitriou & Karakostas, 2008; Shaw

et al., 2008).

Rupture scenario’s inputs

Rupture parameter 1 2 3

Strike [°] 113-147 129 133-143
Dip [°] 35 35 35
Length [km] 365 96.7 248
Width [km] 80 38.7 15

Rake [°] 90 90 90

Slip [m] 25 25 25
Depth [km] 5 5 5
Magnitude [M,,] 8.5 7.5 6.5

TABLE 2 Selected locations and depths in tsunami propagation
simulations using Delft dashboard and Delft3D to determine water
levels in the eastern nearshore of Lampedusa, Italy.

DELFT 3D output points Latitude Longitude Depth [m]
1 35.5049 12.6319 49
2 35.4952 12.6370 50
3 35.4853 12.6274 49
4 35.4850 12.4220 50

the lowest magnitude used for a tsunami waves propagation modelling
starting in the western Hellenic Arc (Lorito et al., 2008; Ott et al., 2021;
Stiros & Papageorgiou, 2001). The bathymetry data used in this part of
the modelling chain is GEBCO 19 with a resolution of 15 arc sec or
450 m (Lemenkova, 2020; Novaczek, Devillers, & Edinger, 2019). The
Riemann boundary type was adopted to avoid other water level inputs
from the boundary due to wave reflection (Van Ormondt, Nederhoff, &
Van Dongeren, 2020). The grid type selected is rectangular with a reso-
lution of 500 m. The low resolution was applied because the modelling
focuses on the distribution pattern, arrival time and water level of tsu-
nami waves when they reach the nearshore (Laknath et al., 2020;
Robke et al., 2021). Manning roughness coefficient was employed with
the advection scheme for momentum in the form of cyclic since numer-
ical modelling only describes offshore tsunami propagation without the
involvement of detailed and profound depth of inundation (Engel
et al., 2016; Sarker, 2019).

There are four DELFT 3D output points located in the eastern
and southeastern parts of Lampedusa, with bathymetry ranging
from 49 m to 50 m (Table 2). The simulation of tsunami propagation
from the tsunamigenic source offshore to the nearshore
implemented linear shallow water equations (equations 1-4) since
wave generation has a larger wavelength compared to amplitude
(Khan & Kevlahan, 2022). It is estimated that the wavelength is
20 times larger than the water depth (Sugawara, Minoura, &
Imamura, 2020). According to the long-wave approach, the vertical

acceleration of the fluid is slower than the acceleration of gravity
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(Liu et al., 2009). Therefore, there is no variation in water pressure at
different depths, and the horizontal movement also does not change
with depth (Wang & Power, 2011). The linear long-wave equation
could describe the movement of tsunamis in the deep sea (Khan &
Kevlahan, 2022; Laksono et al., 2020, 2023; Sugawara, Minoura, &
Imamura, 2020).

When the tsunamis hit the nearshore zone the wave amplitude is
larger than the wavelength. The wave rate decreases but the wave
height increases, hence the non-linear shallow water equations are
applicable in this propagation phase. In these equations, non-linear
convective forces, inertial forces, and bottom friction are more impor-
tant to consider than Coriolis forces or frequency dispersion (Hu,
Mingham, & Causon, 2000; Sanchez-Linares et al., 2015).

4.3 | Nearshore tsunami numerical modelling

For the numerical modelling of the water surface propagation from
the bathymetric —50 m to the coast, we used the software MIKE
21 Flow Model FM. This module of MIKE 21 is a widely used and
advanced numerical model designed for simulating hydrodynamic pro-
cesses in coastal and marine environments. The authors used this
software to simulate the propagation of water surface elevation from
offshore to nearshore.

The MIKE 21 Flow Model FM utilizes the finite volume method
to discretize and solve the governing equations of fluid flow. It
employs a flexible Delaunay triangular mesh, which allows for effi-
cient representation of irregular coastlines, complex bathymetry and
varying spatial resolutions. The flexible triangular mesh adaptively
refines the grid in areas of interest, ensuring an accurate representa-
tion of nearshore processes and improving computational efficiency.
To build the mesh the authors used the Mike Mesh Generator
(MMG,) by tracing control points within the area of interest. Next,
MIKE uses these control points to generate a grid of triangles, where
each control point is a vertex of a triangle. Delaunay’s triangular grid
is constructed to maximize the quality of the triangles, ensuring that
each triangle contains only the nearest control points and that there
are no points within circumscribed circles of triangles. This grid pro-
vides a solid basis for hydraulic analysis and allows for accurate and
reliable results. The governing equations used to simulate water sur-
face elevation propagation from offshore to nearshore are the 2D
shallow water equations. These equations, derived from the princi-
ples of conservation of mass and momentum, describe the behaviour
of fluid flow in shallow water conditions. These equations consider
the effects of gravity, friction, advection, bottom slope and water
surface elevation on the flow behaviour. To simulate the propagation
of water surface elevation from offshore to nearshore, appropriate
boundary conditions have been specified. The model allows for the
application of open boundary conditions, where water surface eleva-
tion and velocity were specified at the offshore boundary. For the
point values of the free surface elevation (DELFT 3D Output points),
Thiessen polygons were calculated on the MIKE 21 calculation
domain to identify the dimensions of the boundary conditions
(shown in Figure 5). After the simulation, the MIKE 21 Flow Model
FM provides a range of output variables, including water surface ele-
vation which is the input data for the model put on HEC-RAS
(Brunner, 2016).
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FIGURE 5 DSM, showing bathymetric lines and surveyed points used in this study (Google satellite imagery in background).

4.4 | Onshore tsunamiinundation modelling

In the field of hydraulic engineering and water flow propagation
modelling on DEMs, the Hydrologic Engineering Centres-River Analy-
sis System (HEC-RAS) software, developed by the US Army Corps of
Engineers Hydrologic Engineering Centre, has gained widespread rec-
ognition for its powerful capabilities in river flow, flood and hydraulic
analysis simulation.

The authors chose HEC-RAS because it provides a comprehen-
sive platform for water flow simulation, including non-stationary
flow conditions, making it suitable for modelling tsunami waves
and their propagation (Amaliah & Ginting, 2023; Natarajan &
Radhakrishnan, 2020). One of the most important applications of
HEC-RAS is the simulation of stage hydrographs, which represent
the temporal variation of water levels at a specific location in the
computational domain. This simulation is crucial for assessing flood
risks, designing flood control measures and understanding flood
dynamics. HEC-RAS allows users to input such stage hydrographs
and accurately simulate their propagation. To improve the accuracy
of flood simulations and hydraulic analysis, HEC-RAS integrates Dig-
ital Elevation Models (DEM). By incorporating DEMs, HEC-RAS can
take into account the influence of terrain and topography on the
flood paths.

The simulation process begins by importing the DSM,, data (that
includes topography, building surface and bathymetry data) into HEC-
RAS, which defines the underlying terrain. The software then gener-
ates a calculation grid (2D flow area) based on the DSM,, discretizing
the floodplain into calculation cells. This grid allows precise calcula-
tions of flow velocities, flood depths and extents throughout the
study area. A two-dimensional flow area (2D flow area) was created
with a spacing of 2 m along both the y-axis and x-axis, which corre-

sponds to the pixel size of the input DSM, model.

The domain of the model (2D flow area) was digitalized consider-
ing both the positive elevation points at the northern boundary of the
DSM,, (see Figure 4) and the negative elevation points, extending it to
the —1 m bathymetry, which represents the on-shore boundary con-
ditions. To obtain more accurate and precise results, the ‘initial stage’
function was activated to fill all cells of the calculation grid that are
below O m with water. In this way, the initial condition is that the
event starts in calm sea conditions and with an initial level of 0.

The HEC-RAS software was used to simulate the flood wave
flooding the coastal area of Lampedusa, using stage hydrographs as
input data. The stage hydrographs, in this case, describe the sea level
variation and were therefore used to simulate the tsunami wave con-
tained in the level timeseries.

The stage hydrographs are therefore inserted at the desired posi-
tions, in this case at the boundary conditions (Figure 5). From the pre-
vious modelling using the MIKE FLOW MODEL FM software (see
section 3.3), the water surface elevation time-series at near shore
zone were extracted and used as input stage hydrographs in the HEC-
RAS model. Thiessen polygons for the MIKE 21 Output Extraction
points (hereinafter O. E points) on the HEC-RAS domain were calcu-
lated, in order to obtain the boundary condition extensions.

Since the propagation of the wave from the shoreline into the
topographic surface can be treated as true mass propagation, due to
the large volumes of water involved and the significant kinetic energy.
When a tsunami reaches land, it manifests as a series of powerful,
fast-moving surges rather than traditional breaking waves. These
surges behave like strong and fast-moving tides, capable of travelling
far inland and causing extensive damage due to the mass and velocity
of the water. This behaviour is supported by studies on tsunami runup
and inundation processes (e.g. USGS - https://www.usgs.gov/centers/
pcmsc/life-tsunami). The model-solving equations implemented in

HEC-RAS allow for an adequate description of the propagation
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dynamics of the water surface, which then results in a flood wave in
the coastal zone.

The governing equations used in the HEC-RAS model can be clas-
sified into two categories: the one-dimensional (1D) Saint-Venant
equations and the two-dimensional (2D) shallow water equations. The
choice of equations depends on the nature of the flow being simu-
lated. To run the model, shallow water equations (for a 2D simulation)
were applied to calculate water surface elevations and flow velocities
in each computational cell. Below, we provide an overview of the 2D
equations used in this work.

The software then propagates the hydrograph stages down-
stream, considering the effects of terrain geometry, flow resistance
and topographic variations of the DSM,,.

During the simulation, HEC-RAS provides detailed outputs,
including water surface profiles, flow velocities and floodplain

flood maps.

5 | RESULTS AND DISCUSSIONS

5.1 | Validation results
Figure 6 shows the results of the validation process described in
section 3.1.

The first line shows the comparison of the levels measured by the
DART stations in blue for the 2003 event and modelled using DELFT
3D in red (subplots A, B and C of Figure 6 for DART measuring sta-
tions 46,401, 46,402 and 46,403, respectively). Already from this first
comparison, it can be seen that the 3D DELFT modelling succeeded in
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capturing the real trend of water level elevations following the 2003
Rat Islands earthquake. In particular, the trend of the maximum peak
elevation in subplot C and D is well simulated.

The second row shows the validation results on the Hilo Tide
Gage for the 2003 event. Subplot D of Figure 6 represents the com-
parison of the levels measured by the Hilo harbour recording station.
In particular, the line in red represents the time series of the level sim-
ulated by MIKE 21 while the blue line represents the recorded eleva-
tion values). Again, graphically it is possible to appreciate a good
correspondence between the measured and modelled levels except
for a variation immediately after the peak elevation and small discrep-
ancies in the final hours of the simulation. On the other hand, the sub-
plot E of Figure 6 represents a scatterplot of the points where the
measured elevation values are plotted on the x-axis and the modelled
values on the y-axis. The line in yellow represents the bisector of the
first and third quadrants. The points are homogeneously arranged on
the bisector, suggesting graphically a good agreement between the
actual and modelled values.

In the last row of Figure 6 (subplot F), the numerical values of the
comparison between the max and min value of each measured and
modelled time series, the shift/lag time for the same values and the
error calculated according to Equation 1 are shown in a table.
The maximum wave height detected at station 46,401 (the location
most severely affected by the tsunami was 2.09 m, while the observa-
tion was 2.18 m (error of 4.3%). The error of the arrival time of the
maximum wave (in advance) is less than 1 minute (0.3 minutes).
Almost similar results for the maximum and minimum elevation values
were also obtained for the other two stations, 46,402 (error of 0.8%
and time advance of the maximum peak of 0.8 minutes) and 46,403.

FIGURE 6 Output points of the DELFT 3D modelling and the consequential boundary conditions for the MIKE 21 domain. The output
extraction points (A, B, C, D, E) from the free surface in MIKE 21 and the consequential boundary conditions for the HEC-RAS domain are shown

in the same figure.
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In the latter case, an error of —11% was calculated. As the simulated variations, the variation between the minimum and maximum peaks

time series was free of fluctuations (due to the simulation time step occurred at different times to the real ones, in fact returning time

used), which were not negligible in relation to the maximum level shifts forward of 5 minutes (peak max) and 10 minutes (peak min).

FIGURE 7 Validation results. The first row showcases comparisons between DART-measured levels (blue) and DELFT 3D-modeled levels
(red) for the 2003 event across subplots A, B and C. Subplot D displaying comparisons between measured (blue) and MIKE 21-simulated (red)
levels, in Hilo tide gage. Subplot E presents a scatterplot of measured and modelled elevation values. The bottom row (subplot F) presents
numerical comparisons and errors between measured and modelled time series.

FIGURE 8 Figure 7 presents an
overlap analysis of inundation boundaries
in the Hilo harbour area, comparing
measured max inundation boundaries
(Shepard, Macdonald, & Cox, 1950) in red,
boundaries modelled via the MOST model
(orange), and those obtained through
HEC-RAS modelling (yellow). The last row
of Figure 7 (subplot B) showcases a
comparative analysis of performance
metrics between the MOST and HEC-RAS
models for mapping inundation areas in
the Hilo Island port area.
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Similar results were obtained for the simulation with MIKE
21 recorded at the Hilo tide gage. Again, the variations in peak eleva-
tion (maximum and minimum) between measured and modelled did
not exceed 0.03 cm with a maximum temporal lag of 2 minutes. The

overestimation error of the maximum peak elevation is 9%. Finally,
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the calculated correlation coefficient was 0.75 and the RMSE was
0.05 cm, again suggesting a good agreement between the MIKE
21 modelling and the measured data.

As anticipated in section 3.1 in order to validate the entire cal-

culation chain, including the inundation module, we simulated the

FIGURE 9 a)Initial tsunami wave generation shortly after the Mw 8.5 earthquake and distribution of tsunami waves for the 8.5 Mw scenario
at minutes 10 (b), 180 (c), 220 (d) and 260 (e) from the western Hellenic Arc westward toward Lampedusa Island. The maximum run-up height

was observed after the 260th minute of tsunami wave generation.

TABLE 3 The maximum run-up height of tsunami waves for the 8.5 Mw scenario measured at Lampedusa is 2.41 m, which is visible in output
2. The average arrival time of the maximum water level at Lampedusa occurred after two hours from the generation of the first tsunami wave

offshore.
| max water level Il max water level
DELFT 3D output points Arrival time [minute] Height [m] Arrival time [minute] Height [m]
1 180 1.20 260 2.06
2 165 1.60 260 2.41
3 170 1.58 250 1.74
4 130 0.71 175 1.46
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1954 Unimak Tsunami event in its entirety. The results of the inun-
dation simulation for the aforementioned Tsunami are shown in
Figure 7.

The first row of Figure 7 (subplot A) shows the overlap over the
Hilo harbour area between the measured max inundation boundary
(Shepard) (red), the maximum inundation boundary modelled in Tang,
Titov, & Chamberlin, 2009 via the MOST model (in orange) and the

maximum inundation boundary obtained via the HEC-RAS modelling
(in yellow).

It can be seen that in the western part of the area under investi-
gation, the three lines are almost perfectly overlapping. Particularly
different is the behaviour further south where the red and yellow lines
are similar while completely different (and greater) is the extent of
inundation subtended by the orange line. In contrast, in the east, there

FIGURE 10 Diagram of water level vs tsunami wave arrival time for the 8.5 Mw scenario at output (1), output (2), output (3) and output (4).
The maximum run-up heights in outputs 1, 2, 3 and 4 are 2.06 m, 2.41 m, 1.74 m and 1.46 m, respectively. Outputs one to four indicate that the
maximum water level prevails in the second phase of the tsunami wave. Each output point location is shown in figure A.
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is a better correspondence between orange and yellow while the
spread increases for the red line.

To quantify the agreement of the modelling to reality, we
analysed the binary flood/non-flood maps described in section 3.5,
using the metrics described in the same section. The results of the
analysis are shown in the last row of Figure 7.

Subplot B of Figure 7 facilitates the comparison of the various
performance metrics of the MOST and HEC-RAS models for mapping
the inundation areas of the port area of Hilo Island. The HEC-RAS
model classified inundation and non-inundation areas with an accu-
racy of 85%, which was higher than that of the MOST model (83%).
The non-flooded areas were better predicted by the HEC-RAS model
than the MOST model, as shown by the high accuracy values (94 vs.
78% respectively). On the other hand, in the prediction of flooded
areas, both models perform similarly (HEC-RAS slightly better), as is
evident from the recall values (0.63 for MOST and 0.64 for HEC-RAS).
The F1 scores also confirm a higher accuracy of HEC-RAS (0.76
vs. 0.7), considering that in this case, the score is independent of the
number of data correctly classified as not flooded (Thalakkottukara
et al., 2024). Finally, the MCC coefficient yields a high score only
when the models predict good results in all four categories of the con-
fusion matrix (i.e. TP, TN, FP and FN), proportional to the size of the
inundation and non-inundation datasets, thus again confirming a more
than good fit of the HEC-RAS modelling to reality for all categories.

It can thus be seen that all metrics of the HEC-RAS model are
more satisfactory than those of the MOST model, thus enabling the

validation of the last part of the modelling chain as well.

5.2 | Offshore modelling
Two (7.5 and 6.5 Mw) of the three different scenarios of tsunami off-
shore wave propagation modelling performed in this study showed

quite similar results and rather lower values than the worst-case
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scenario (8.5 Mw). For this reason, this section describes in detail the
calculation of the 8.5 Mw scenario. The tsunami wave propagation
from the epicentre of the earthquake at minute 10 to minute 260 is
depicted in Figure 8 A, B, C and D, respectively. The tsunami wave
impact on the eastern coast of Lampedusa Island would be visible
after three hours the seismic activity was started (Figures 6A-C).
Therefore, the offshore modelling shows that Lampedusa Island
would be hit by the tsunami waves between minutes 180 and
260 (Figure 6C and D). The simulated tsunami waves triggered by the
Mw 8.5 earthquake in output 1 display a rise in water level of 0.5 m
after 120 minutes of tsunami wave generation in the western Hellenic
Arc (Figure 9A). At the 180th minute, the water level reached 1.2 m
and then dropped to 0.08 m at the 183rd minute, which is three hours
and three minutes after the tsunami waves appeared around the
epicentre. At the 190th minute, the water level increased to 1.8 m,
and within 30 minutes, the water level reached 2.06 m, which was the
maximum wave height at output 1. Thereafter, the water level
dropped to 0.71 m within 12 minutes after the maximum water
level was attained. In output 2, there was a 0.42 m rise in sea level
after 120 minutes from the first generation of tsunami waves
(Figure 9B). At the 165th minute, the run-up height reached a maxi-
mum of 1.6 m and then decreased to 0.84 m and 0.69 m at the 183rd
and 184th minutes, respectively. Eight minutes later, the water level
raised to 1.76 m and then started receding in the following minutes.
In output 3, the run-up height increased from O m at the 105th minute
to 0.8 m at the 155th minute (Figure 8C). The maximum run-up height
in output 3 was 1.58 m, which occurred 170 minutes after the
tsunami wave generation. Subsequently, the water level declined to
0.56 m at the 172nd minute and rebounded until it reached 1.74 m,
which was the maximum run-up height of the second phase. The max-
imum water level was observed at the 250th minute. In output 4, the
water level rose from Om to 0.66 m between minutes 105 and
130 (Figure 9D). The maximum run-up height of the first phase was

0.71 m, occurring 132 minutes after the offshore tsunami generation.

FIGURE 11 Results of the sea state propagation of scenario 8.5. The first line of the figure shows the propagation map at different time
instants with an indication of the triangular Delaunay calculation mesh used. In the second line, the mareograms of the MIKE21 O. E. points

indicated with different colours in the figure.
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The maximum run-up height of the second phase was 1.46 m, reached
at the 175th minute. Generally, the water level in the second phase of
the run-up is higher than that in the first phase of the run-up.
According to Table 3, the maximum run-up height in the second phase
ranges between 1.46 m and 2.41 m, while in the first phase, it only
ranges between 0.71 m and 1.6 m. Concerning the arrival time of the
maximum water level in the first phase of the run-up, it occurred at
the 130th-180th minute after the tsunami wave generation, while
the second phase of the run-up was identified at the 250th-260th

minute.

5.3 | Near shore modelling

The propagation maps of the sea state following offshore to near-
shore earthquakes were obtained from the simulation performed on
the MIKE 21 FM Flow Model.

Figure 10 displays the results of propagation relative to the Mag-
nitude 8.5 scenario. From the first row of the figure, one can observe
the MIKE 21 computational domain, discretized into computational
cells according to Delaunay’s triangular mesh. The propagation results

are represented at various instants of propagation, consistent with

FIGURE 12 Global inundation map for the 8.5 magnitude scenario in subplot A. Subplots B, C, D and E show 3D zooms of the most flooded

areas.
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those reported in Figure 9. From the onset of propagation, a notice-
able rise in sea level due to the tsunami wave propagating towards
the coast is evident. Furthermore, the highest values of the free sur-
face are obtained near Cala Pisana and Cala Uccello, the areas directly
exposed to the east, the origin and trigger zone of the tsunami.
Although, from Figure 9, the elevation values at point 4 are compati-
ble with those at point 1 (for the second maximum run-up height)
during propagation, the nearshore elevation values in the port area of
Lampedusa do not reach the heights obtained in the east nearshore
area of the computational domain. Indeed, phenomena such as greater
travel distance of the sea state and refraction cause the tsunami to
arrive in the vicinity of Cala Maluk, Punta Sottile, Cala Francese and
the port of Lampedusa itself at a lower height.

The second row of Figure 10 represents the mareograms at the
O.E. points from the MIKE 21 propagation output map. These
points have been placed near the coast and the water elevation
values are extracted and used as stage hydrographs for subsequent
flood modelling (see section 3.4). O.E. point A is the internal point
to the port (green) and is the only point, along with O.E. point B,
where there is not a single elevation peak but three. The maximum
values reached by the highest peak are 3.5 and 4 m for O.E. points
A and B, respectively. As previously discussed, at these points, the
wave undergoes more variations during its propagation compared to
points C, D and E. For the latter three points, especially for
O.E. points D and E, the presence of a single elevated peak is much
more pronounced, reaching values close to 7 m in height. After the
peak is reached, the mareograms display decreasing periodic oscilla-
tions due to rebound phenomena, which accumulate at the end of
propagation within the entire computational domain. This behaviour
is much more visible for O.E. points D and E since, at these points,
the wave arrives earlier than all other points on the cliffs, which act

as reflective walls for wave agitation propagation.

WILEYL—®

The 6.5 and 7.5 magnitude scenario simulations provide very
similar results as we found that the relationship between earthquake
magnitude and maximum water surface elevation is logarithmic. We
have obtained, by simulating also the scenarios of magnitude 6, 7 and
8 (not shown here) that a considerable increase in elevation values
(almost always asymptotically towards values near O m) was apprecia-
ble from magnitude 8 onwards. The knee of the curve is therefore in
the vicinity of magnitude 8, which explains why the propagation
results of the 6.5 and 7.5 scenarios in this particular case turn out to
be very similar.

We decided to not show the propagation graphs and mareograms
of scenarios 7.5 and 6.5 which have smaller values, but a brief discus-
sion of these results is provided below. In the 7.5 magnitude scenario
(same arguments apply to 6.5 scenario) the peak elevation values
(obtained by the mareograms) turn out to be much lower, even near
the nearshore area where the maximum values reached by the peaks
do not exceed one meter in height for all O.E. points. Even in this
scenario, the shape of the mareograms closely resembles that of the

8.5 scenario.

54 | Inundation modelling

As mentioned earlier, the results of the MIKE 21 Flow Model FM sim-
ulation were used as input for propagation on the topography of the
study area. The results of the HEC-RAS modelling for the magnitude
8.5 scenario are shown in Figure 11.

From Figure 11, it can be observed that the areas most affected
by flooding in the 8.5 scenario, are those near the small beach inside
the harbour. North of this beach, the maximum water depths still
reach values of 2.5 m (Sub plot E of Figure 11). This area not only has

a low slope but is also located between two higher elevated areas,

FIGURE 13 Global maximum velocity map for the magnitude 8.5 scenario.
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creating a kind of large preferential channel for water discharge. The
eastern part of this area is characterized by the urban centre of
Lampedusa, which is weakly affected by flooding as it is situated at
elevations that are not reached by the higher maximum water depths
observed in this area, which are below 4 m (sub plot C of Figure 11).
In sub plot B of Figure 11, the most flooded portion of the computa-
tional domain, which is also affected by the built environment. This
portion of land is located west of the harbour arm, where water
depths reach up to 3 m. Even the entire port complex (outer breakwa-
ter, vehicular walkway and port platforms), being lower in relation to

the rest of the examined topography, is completely flooded in this

scenario with maximum water depths of nearly 3.5 m (subplot C of
Figure 11).

Finally, even to the east of the computational domain, on the
coast of Cala Pisana and Cala Uccello, there is a flooded area despite
the coast being predominantly characterized by cliffs. The high wave
heights in this area (approximately 8 m) prevent a significant amount
of water from being shielded by the coastline (subplot D of Figure 11).
Nevertheless, in this case, the flooded area is characterized by a very
low percentage of residential buildings. The remaining part of the
coast, mainly composed of cliffs, manages to prevent the overtopping

of the tsunami wave.

FIGURE 14 Global inundation map for the 7.5 magnitude scenario in subplot A. Subplots B, C and D show 3D zooms of the most flooded

areas.
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FIGURE 15 Global maximum velocity map for the magnitude 7.5 scenario.

Figure 12 shows the map of the maximum water velocities
reached during propagation of the Magnitude 8.5 scenario. Velocity
values are low in the harbour area, reaching maximum speeds of
about 2 m/s. The highest velocities, with a maximum value of 15 m/s,
are reached in the Cala Pisana and Cala Uccello zone, near the cliffs
impacted by the tsunami wave. Then velocities rapidly decrease upon
the wave's impact with the cliff for the water volumes that continue
their propagation. In this area, the steep slope of the topography eas-
ily halts the upflow of the discharge.

Figure 13 displays the flooding map related to the magnitude 7.5
scenario. Since the flooded area values for the 6.5 scenario were prac-
tically identical to those of the 7.5 scenario (see section 4.3), it was
decided to show only the latter map.

From sub plot A of Figure 13, it can be deduced that, in this case,
the flooded area is significantly reduced. Even the cliffs to the east
(subplot D of Figure 13) manage to contain the waves coming from
the same direction, thus preventing any type of flooding. In this case,
the maximum water depths, at most 0.5 m, are reached at the cliffs.
The wave only causes a rise in sea level at the breaking points on the
cliff, while in the harbour area, the outer breakwater and nearby cliffs
successfully shield the rise in sea level (sub plot B of Figure 13). The
only flooded area within the port structure is identified in the platform
south of the harbour arm, but with water depths close to zero. The
velocities are also minimal in this case (Figure 14), with overall maxi-

mum values below 1 m/s (Figure 15).

6 | CONCLUSIONS

Most of the Mediterranean coastlines are exposed to a high risk of
tsunami wave inundation. Coastal areas play a key role in the national
economy, they are densely populated and home to commercial, indus-
trial and human-related activities. As such, the impact of a tsunami on

the coast could lead to the loss of life and cause serious damage to

the local coastal economy. These observations indicate the necessity
to thoroughly investigate the propagation of tsunami waves and the
extent of tsunami flooding. Indeed, the present study evaluated
the risk of flooding due to a tsunami. For this purpose, a three-step
model was developed: i) DELFT-3D software was used to simulate
the offshore wave propagation from the tsunami source, ii) MIKE
21 Flow Model FM was employed to study nearshore propagation
and iii) HEC-RAS was used for onshore tsunami inundation modelling.
The calculation chain was validated by applying it to such well-known
benchmark sites in the Pacific Ocean and the results were compared
to the real cases. The validation process tested that the model has a
high level of reliability and the data came out from the three-step
model with a well-approximate of the wave propagation simulation
with estimated errors lower than 5%. These insights demonstrate that
the proposed calculation chain could be a promising tool for the eval-
uation of tsunami impacts in other contexts, given its scalability and
adaptability to different geological contexts and then can be used for
accurate tsunami wave simulations not only in the Mediterranean
region but also in various case studies. In addition, the research
emphasised the importance of taking into account the geomorphol-
ogy, topography and infrastructure locations of the area under consid-
eration when modelling tsunami propagation and conducting risk
assessments. Lampedusa Island in the Mediterranean Sea was
selected as a case study due to its high exposure to the risk of tsu-
namis. However, the island’s significant variability in geomorphological
features and the critical locations of key infrastructures, such as the
port and the airport, which are situated close to the coast, were also
contributing factors in its selection for the study. The tsunami wave
simulations considered three tsunami scenarios with different magni-
tudes (Mw 8.5, 7.5, 6.5) generated by hypothetical earthquakes in the
Hellenic Arc. The study showcased the potential impacts of high-
magnitude earthquakes on the southeastern coast of Lampedusa
Island, which hosts most of the main facilities (i.e. port and airport)

and local socio-economic activities. The results showed that the Mw
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8.5 scenario led to significant flooding in the harbour region, with
maximum water depths reaching approximately 3.5 m. The Mw 7.5
scenario demonstrated reduced flooded areas, with the cliffs con-
taining the waves and preventing further flooding. Differences
between the Mw 7.5 and Mw 6.5 scenarios were not significant.
Indeed, in the worst-case scenario (Mw 8.5), velocity values range
between 2 and 15 m/s. The highest velocities are reached at the east-
ernmost part of the Island, at Cala Pisana and Cala Uccello. As demon-
strated, the study’s methodology can provide valuable insights for
estimating tsunami risk and developing emergency management plans.
The results of the study also indicated that this approach can be appli-
cable to different geological contexts, providing significant contribu-
tions to coastal hazard assessment and mitigation. Moreover, the
tsunami propagation computation chain is designed for easy utiliza-
tion by researchers or technical operators in the field as the numerical
computation is not time-consuming and consistently delivers reliable
results. As such, the methodology elaborated in this study, with the
progressive refinement of this calculation modelling chain in areas
with high tsunami hazards, is meant to provide significant contribu-

tions to the field of coastal hazard assessment and mitigation.
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