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ABSTRACT: A tsunami is a phenomenon consisting of sea waves generated by the rapid displacement of a
substantial volume of water. While tsunamis do not significantly increase in height in the open sea, they amplify
as they approach the coast due to the increasing ocean depth The primary triggers for tsunamis are earthquakes,
volcanic eruptions, and submarine landslides. Despite advancements in scientific understanding, the prediction
of tsunamis remains elusive. In the Mediterranean Sea, although tsunamis are generally known to be of a lower
magnitude compared to those in the Pacific and in the Indian Oceans, their impact can be equally devastating.
This is attributed to the heightened coastal exposure and vulnerability, which have escalated in recent decades
as the result of increased human activity along the coastlines. Consequently, there is an imperative need for
more comprehensive tsunami hazard assessments and an understanding of the potential consequences of their
impact. This is particularly crucial given the brief wave arrival times, which significantly reduce the window
for issuing alerts. The region encompassing Calabria and North-Eastern Sicily in Southern Italy is notably
susceptible to tsunami risk owing to its geomorphological features and earthquake proneness. This paper
scrutinises the current international and Italian legislations governing tsunami risk mapping and introduces a
refined methodology implemented along the Calabrian shores. The proposed procedure encompasses two
phases. Initially, a boundary adjustment will be carried out with enhanced precision, taking into account the
specified alert levels and mapping mentioned above, by using detailed data. Subsequently, the alert levels and
mapping are anticipated to be revised through numerical modelling and neural networks, which account for
various tsunami genesis and propagation mechanisms, coastal morphology, and the incidence of shoreline
erosive processes.
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1 INTRODUCTION

A tsunami is a natural phenomenon characterised
by sea waves generated by the rapid displacement
of a substantial mass of water. In the open sea,

series of landslides that occurred along one of the
volcano's flanks, subsequent to a particularly
violent eruptive episode, which began on
December 28th. Notably, at least two of these
landslides were destructive, one of which

tsunamis do not exhibit a dramatic increase in
height. However, as they approach the coast, they
gain height due to the shallowing ocean depths.

The primary triggers of tsunamis are seismic
activities such as earthquakes, volcanic eruptions,
and landslides, including those occurring
underwater. Despite contemporary
advancements, the prediction of tsunamis remains
beyond the scope of current scientific capabilities.

Historically, the Mediterranean Sea has been
affected by numerous tsunami events.

For instance, on 30 December 2002, the
coastal area of Stromboli Island was struck by a
series of tsunami waves, which reached heights of
up to 10 meters. These waves were triggered by a
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occurred underwater, along the steep slope of the
Sciara del Fuoco, the north-western flank of the
Stromboli volcano.

Another significant event occurred on 30
October 2020, when a potent normal-faulting
earthquake struck Samos Island in Greece and
Izmir Province in Turkey, situated in the eastern
Aegean Sea. The earthquake gave rise to a
tsunami that affected the coasts of Samos Island,
Greece and Izmir, Turkey (Dogan et al., 2021).

On 21 July 2017, a large earthquake with a
magnitude of 6.6 occurred near Bodrum.
Commonly referenced as the 2017 Bodrum—Kos
carthquake, it generated one of the largest
tsunamis ever recorded in the Mediterranean
region (Dogan et al., 2019).



Furthermore, the western Mediterranean
experienced a notable tsunami following the 2003
Zemmouri earthquake (MW 6.9, Algeria), with
observable sea disturbances along the Algerian
coast and considerable damage primarily in the
Balearic Islands’ harbours (Alasset et al., 2006).

The area of the Strait of Messina is particularly
prone to seismic and landslide activities that
could trigger tsunamis. This is evidenced by
historical occurrences such as the 1908 Messina
tsunami, occurred in the Strait of Messina induced
both by an earthquake and an underwater
landslide, and the 1783 Scilla tsunami, triggered
by an aerial landslide. These incidents rank
among the most catastrophic events to have
affected the Italian coastline (Schambach et al.,
2020; Minniti et al., 2022).

Despite these occurrences, universally accepted
procedures for managing the systemic risks
associated with tsunamis and their aftermath are
yet to be established within the international
scientific community. In recent years, the
devastating impact of tsunamis worldwide has
prompted  extensive research into  the
phenomenon.

Various methodologies have been employed to
enhance our comprehension of the associated
risks and vulnerabilities. Notable among these is
the consequence-based approach for assessing
vulnerabilities and risks, i.e. the PEER framework
(Cornell and Krawinkler, 2000). Additionally, the
context-based approach, grounded in the
humanities and social sciences, examines the
interplay between decision-making political
entities and the destructive forces of natural
hazards. (O’ Brien et al., 2007; Herslund et al.,
2016).

Research has also focused in identifying gaps,
challenges, and key stakeholders in tsunami risk
assessment (Rafliana et al., 2022; Dias et al.,
2024). Moreover, studies have incorporated
diverse strategies, including geophysical analysis,
Probabilistic Tsunami Hazard Analysis (PTHA),
Deterministic =~ Tsunami  Hazard  Analysis
(DTHA), examination of sedimentary tsunami
deposits, and historical records (Haider et al.,
2023; Useche et al., 2023; Basquin et al., 2023).

Thomas et al. (2021) employed a hybrid
methodology built on GIS-based dasymetric
techniques to evaluate, categorise, and map
population distribution.

Some research centred the assessment of tsunami
wave generation, propagation and impact
(Laksono, 2023; Tadibaght et al., 2022).

Turchi et al. (2022) amalgamated two
consolidated methods - a detailed building survey
and a multi-temporal settlement analysis - to
appraise seismic and tsunami risk for Stromboli
Island (Italy).

In the Mediterranean Sea, typically manifest with
a lower magnitude than in the Pacific and in the
Indian Oceans. Nevertheless, their potential for
destruction is comparably severe due to high
coastal exposure and vulnerability, a consequence
of increased human development along the
shorelines over recent decades.

This necessitates more intricate evaluations of
tsunami hazards and the ramifications of their
impact, particularly given the abbreviated wave
arrival times that curtail the duration available for
issuing alerts. In the Mediterranean region, the
areas spanning Calabria to North-Eastern Sicily
in the Southern Italy are acutely prone to tsunami
hazards, attributable to their geomorphology and
carthquake susceptibility (Schambach et al.,
2020; Minniti et al., 2022).

In particular, inundation maps are instrumental in
aiding local authorities to effectively orchestrate
and strategies emergency responses.

Given the multitude of variables in tsunami risk
analysis, it is imperative to adopt a probabilistic
approach to construct hazard curves that should
provide estimations of maximum inundation
heights, taking into account the likelihood of
exceedance and return period of individual
events.

In order to refine these maps (that are available on
the site
http://ai2lab.org/tsumapsneam/interactivehazard-
curve-tool/), which offer a generalised approach
to probabilistic analysis, it is essential to integrate
local dynamics, morphology and bathymetry.
This integration aims yield an enhanced and more
accurate design of detailed local maps fora PTHA
(Tonini et al., 2021).

This paper, building upon the research of
Barbaro et al. (2023), scrutinises the current
international and Italian legislation on tsunami
risk mapping and delineates a more meticulous
procedure, implemented along the Calabrian
coastline.

This study reveals that the GIS-based
inundation maps currently used for planning
purposes adopt a conservative stance, potentially
underestimating the hazard at a local level.
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2 MATERIALS AND METHODS

2.1 Case study description

Calabria, a region in southern Italy, presents an
intriguing case study owing to its
geomorphological, climatic, and anthropogenic
peculiarities.

Regarding geomorphological analysis,
Calabria is situated at the heart of the
Mediterranean Sea, is flanked by the Tyrrhenian
and Ionian Seas, the Strait of Messina, and the
Gulf of Taranto. Each of these bodies of water
exhibits unique climatic conditions and fetch
lengths.

Concerning climatic analysis, the mountain
areas of Calabria experience a mountain climate
with frequent snowfalls during winter. In
contrast, the coastal areas enjoy a Mediterranean
climate, marked by significant variances in
rainfall and temperatures between the two
seaboards. These regions are also subject to
intense atmospheric disturbances, which are
occasionally akin to hurricanes, known locally as
‘Medicanes’ (Mediterranean Hurricanes) or
Tropical-Like Cyclones (TLC).

Ultimately, from an anthropogenic standpoint,
Post-World War Il saw a substantial migration
from inland to coastal regions across most coastal
territories.

The considerable anthropogenic pressure led to
haphazard and unplanned urban expansion, which
affected both coastal zones and riverine

environments.

ig 1. Location of the sudy area.

2.2 International and Italian
legislation

Tsunami early warning systems (TEWS) play a
pivotal role in safeguarding coastal areas from the
devastating effects of tsunami inundations.

The primary authority overseeing tsunami risk
assessment in Europe is the Intergovernmental
Coordination Group for the Tsunami Early
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Warning and Mitigation System in the North-
eastern Atlantic, the Mediterranean and
connected seas (ICG/NEAMTWS). In Italy, this
responsibility is linked with the Italian Tsunami
Alert Centre at the Istituto Nazionale di Geofisica
e Vulcanologia (CAT-INGV), which operates as
a Candidate Tsunami Service Provider (TSPs) for
the NEAM region (North-eastern Atlantic, the
Mediterranean and connected seas).

The Italian Tsunami Warning System (SiAM), in
conjunction with the national implementing
decrees of the SiAM directive (DPCM, 2017;
Civil Protection Department, 2018), includes
CAT-INGV, the Italian Civil Protection
Department (DPC), and the Italian Institute for
Environmental Protection and Research (ISPRA).
ICG/NEAMTWS has established two alert levels:
advisory/orange (tsunami run-up <1 m) and
watch/red (tsunami run-up >1 m).

Upon the issuance of an alert, CAT-INGV
disseminates the message to IOC/UNESCO
subscriber Member States, while the DPC
communicates throughout Italian territory,
undertaking specific measures in accordance with
the projected alert levels (Civil Protection
Department, 2018).

The NEAMTWS protocols and alert messages do
not stipulate an upper limit for the watch/red alert.
They merely predict a state of significant
inundation with run-up exceedingl m. In Italy,
the method proposed by the DPC for local
authorities to delineate evacuation maps (Civil
Protection Department , 2018) involves: 1) setting
the design probability for the watch/red alert by
selecting the 2,500-year Average Recurrence
Interval (ARI) and the 84" percentile of epistemic
uncertainty from a regional and relatively coarse-
scale Seismic PTHA (Tonini et al., 2021),
assessed off-shore and intensified towards the
coast; 2) determining the extent of the evacuation
area through a series of simplified and
conservative approximations, including some
“safety factors”.

Considering this procedure, the red/watch alert
covers the areas between 1,5 m and 10 m above
sea level (a.s.L.).

2.3 New mapping procedure

The new mapping procedure will be bifurcated
into two distinct phases. The initial phase entails
a refined boundary adjustment, incorporating the
previously mentioned alert levels and mapping
using comprehensive data.

The subsequent phase anticipates an update to the
alert levels and mapping through numerical
modelling and neural networks. These will
account for the tsunami’s initiation mechanisms
(earthquakes, landslides, multi-source



approaches, etc.), wave propagation, coastal
morphology, and presence of shoreline erosive
processes.

The first phase will be executed using the
open-source software QGIS version 3.10.7 ‘A
Coruna’, leveraging the following detailed
datasets:

- Bathymetric data off the coast of Calabria
(source: EMODNET portal
https://emodnet.ec.europa.eu/en/bathymetry).

- Detailed bathymetries procured from the various
institutions or surveys.

- Digital Terrain Models (DTM) and Digital
Surface Models (DSM) with resolutions of 1x1 m
and 2x2 m (source National Geoportal
http://www.pcn.minambiente.it/mattm/).

- Architectural plans of buildings, roads, and
infrastructures  from the aforementioned
institutions or surveys.

3 RESULTS

The implementation of the new mapping
procedure in the municipality of Locri, situated on
the Ionian Sea between the Portigliola River
(south-west) and the Novito River (north-east),
yielded significant findings.

Notably, the tsunami risk areas have been
substantially reduced. Under the Advisory alert
level, the risk area diminished by approximately
15%, from about 1 km? to 0.85 km? More
pronounced reductions were observed at the
Watch alert level, where the risk area was nearly
halved, going from over 4.5 km? to about 2.2 km?.
The perimeter defined by the Advisory alert level
is confined entirely to the beachfront, sparing
buildings and infrastructure. Conversely, the
Watch alert level perimeter encompasses critical
infrastructure, including the Ionian highway and
the railway, affecting roughly 700 buildings at a
6 m threshold and over 1500 buildings at a 10 m
threshold i. Among these are structures of notable
importance such as schools, courts, prisons,
museums, theatres, churches, and carious
accommodation facilities.

Figure 2. Detail of the study area location.

Figure 3. Old (1.5 m) Advisory perimeter.

Figure 4. New (1.5 m) Advisory perimeter.

Figure 5. Comparison between old and new (1,5 m)

Advisory perimeter.
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Figure 6. Old Watch perimeter. Figure 10. Comparison between old and new (10 m) Watch
perimeter.

Figure 8. Comparis
perimeter.
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Figure 9. New (10 m) Watch perimeter. g 6 » 4 o
Figure 13. Detail of new (10 m) Watch perimeter.
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4 DISCUSSION

The established methodology for the design of
inundation maps along the Italian coastline has
undergone thorough scrutiny to assess its
limitations and shortcomings, with the objective
of devising a representational method that more
accurately mirrors actual scenarios.

CAT-INGV and SiAM are proponents of
localised studies aimed at addressing factors
overlooked at a regional scale, such as the
morphology of the territory, the presence of
infrastructure and buildings, and tsunami
initiation mechanisms linked to bathymetric
conditions. Tonini et al. (2021) explored this
methodology in Catania and Siracusa (Sicily,
Italy), generating inundation maps and
juxtaposing them with pre-existing ones for
aforementioned areas.

Figure 5 illustrates the advisory alert level
(tsunami run-up <1 m), particularly highlighting
the contrast between the former perimeter, which
was predicated solely on a coarser Digital Terrain
Model (DTM) witha 10x10m resolution, and the
updated perimeter that integrates both DTM and
Digital Surface Model (DSM) Last and First with
1xI m and 2x2 m resolution (source Italian
Geoportal
http://www.pcn.minambiente.it/mattm/).

The introduction of a new mapping procedure
underscores the advantages of employing high-
resolution DTMs and DSMs over coarser DTMs.
The inclusion of DSMs, which account for
buildings and infrastructures, alongside 1x1m and
2x2 m resolution DTMs, provides a more accurate
description of the terrain, thereby enhancing the
quality of inundation map designs.

Figure 8 and figure 10 present a comparative
analysis tof the two GIS-based approaches
mentioned above for the red/watch alert level
(tsunami run-up >1 m).

The Italian Civil Protection Department (DPC)
has established two thresholds: the first at 6 m,
considering areas with predominantly flat
coastlines, and the second at 10 m, corresponding

to the maximum run-up values recorded during
historical events in Calabria and Sicily.

The red areas in figures 8-10 represent the
inundation map based on the coarser DTM,

illustrating a broad perimeter that encompasses
numerous public buildings and infrastructures.
Conversely, the updated mapping procedure
significantly narrows the scope of public areas
affected by potential inundation, thereby
diminishing the associated risk.

These insights contribute valuable perspectives to
the development of local high-resolution
inundation maps and inform strategies for
tsunami coastal and evacuation planning.

These findings demonstrate that the accuracy of
DTM models profoundly influences the GIS-
based method, highlighting the importance of
DTM precision. However, the impact of DTM
accuracy may vary depending on the degree of
discrepancy between different DTMs.

5 CONCLUSIONS

The methodologies employed in the creation of
inundation maps for the Italian coastline have
been meticulously examined to ascertain their
limitations and identify a representational method
that more accurately reflects real-world scenarios.
The focus of this study was the municipality of
Locri, positioned on the Ionian Sea between the
Portigliola and Novito Rivers. Reference maps
for the analysis were sourced from the Tsunami
Map Viewer provided by SiAM
(http://sgi2.isprambiente.it/tsunamimap/).

The investigation commenced with maps derived
from coarser Digital Terrain Models (DTMs)
with a 10x10 m resolution. A new perimeter was
established for both advisory (tsunami run-up <I
m) and watch (tsunami run-up >1 m) alert levels
using more accurate DTMs and DSMs, with
thresholds determined by the Italian Civil
Protection Department (DPC).

In sites where detailed hazard analyses are scarce,
this method has proven capable of defining
evacuation areas with commendable accuracy, as
evidenced by the efficacy of the GIS-based
approach.

Furthermore, the analysis highlights the necessity
of conducting local studies with appropriate data
resolution, when available, to tailor specific risk
assessments and mitigation strategies.

It is also noteworthy that enhancing regional
assessments through high-resolution DTMs and
DSMsnot only improves the regional evaluation
but also enriches subsequent local analyses.
Another critical aspect of inundation maps is their
derivation from numerical simulations that model
the genesis and propagation of tsunami initiated
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by seismic activity (see ICG/NEAMTWS
procedure).

However, the two principal tsunami events that
impacted the Calabrian coast were not solely
triggered by earthquakes but also by landslides
(Schambach et al., 2020; Minniti et al., 2022).
The 1908 tsunami in the Strait of Messina was
precipitated by an amalgamation of seismic
activity and a submarine landslide, while the 1783
tsunami in Scilla was triggered by an aerial
landslide following an earthquake, with debris
impacting the seabed.

For future research, it is paramount to explore the
generation and propagation of tsunamis triggered
by various sources, particularly submerged and
aerial landslides, given that territories such as
Calabria, Sicily and Stromboli have historically
been affected by tsunamis predominantly
triggered by such events.

Local studies are fundamental to refine
inundation maps for a more accurate
representation of actual scenarios. Equally
important is the analysis of the triggering
mechanisms of tsunami events to enhance the
understanding of generation and propagation
processes necessary for designing inundation
maps.
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