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Abstract

In northwestern Italy, the Liguria region forms a narrow coastal strip along the Ligurian Sea.
Within this region, the province of Imperia is characterized by a diverse coastline of sandy
beaches, rocky cliffs, and historic urban centers. While the landscape is visually striking, its
geographical setting leaves it highly exposed to sea-level rise, storm surges, coastal erosion,
river flooding, and seismic hazards. This research addresses these challenges through an
integrated, multi-criteria approach that combines physical, social, environmental, cultural,
and infrastructural dimensions to assess vulnerability under both present conditions and
future climate scenarios. The assessment draws on data from official sources, including
Region Liguria’s Geoportal, ISTAT census records, Copernicus Marine Service wave
datasets, digital elevation models, and CORINE Land Cover. Using a GIS-based framework
in QGIS, six dimensions of vulnerability social, physical, environmental, cultural, coastal,
and communication were analyzed and merged into a composite vulnerability map. The
results reveal that low-lying, densely built sandy coastlines with limited evacuation routes
exhibit the highest vulnerability, reflecting the combined influence of population
concentration, exposure to hazards, and restricted adaptive capacity. Hazard analyses
included probabilistic modelling of coastal and river flooding for multiple return periods,
long-term wave climate trends (1995-2023), seasonal storm behavior, extreme wave statistics
derived from the Generalized Extreme Value method, and high-emission sea-level rise
projections (SSP3-7.0) estimating a +0.7 m rise by 2100. Seismic risk mapping placed
Imperia within Zone 2 (high risk), further emphasizing the need for targeted resilience
measures. The findings highlight the importance of integrated coastal zone management that
blends engineered defenses with nature-based solutions and adaptive planning. Such an
approach is essential to safeguard communities, ecosystems, and cultural heritage along one

of the Mediterranean’s most valuable yet vulnerable coastlines.
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Introduction

1-1. Natural Hazards and Disasters

Natural hazards are physical phenomena arising from atmospheric, hydrological, geological,
or biological processes of the Earth. Although these events occur naturally across a wide
range of spatial and temporal scales, they become disasters when they interact with exposed
populations, fragile infrastructure, and insufficient coping capacity. This interaction rather
than the hazard alone drives severe consequences such as loss of life, displacement,
environmental degradation, and long-term socio-economic disruption.

Over recent decades, the frequency and intensity of natural hazards have increased, fueled by
climate change, rapid urbanization, and the degradation of natural protective systems. Global
records underline this trend: according to the Centre for Research on the Epidemiology of
Disasters (CRED), natural disasters caused more than 4 million deaths and economic losses
exceeding USD 3 trillion between 1970 and 2020, while 432 disasters in 2021 alone affected
over 101 million people worldwide [1], [2].

Floods have emerged as one of the most destructive hazard categories, with river overflows,
urban flash floods, and coastal inundations becoming increasingly common due to intensified
rainfall patterns and unsustainable land use. In Europe, the growing flood risk has prompted
major policy responses, including the EU Floods Directive (2007/60/EC), which promotes
integrated assessment and sustainable flood management [3].

The United Nations Office for Disaster Risk Reduction (UNDRR) emphasizes that disasters
represent a breakdown in societal functioning resulting from the convergence of hazards,

exposure, vulnerability, and inadequate capacity [4].
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Figure 1-1. Number of disaster events by type in 2021, based on EM-DAT global records

Hydrological and meteorological events dominate global patterns, with floods accounting for
223 events, followed by storms (121 events), exceeding geological hazards such as

earthquakes (28 events) and volcanic activity (9 events). Data source: EM-DAT, CRED [1].
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Figure 1-2. Occurrence by disaster type of annual average 2021
compared to the 2001-2020

To address increasing global risk, the Sendai Framework for Disaster Risk Reduction (2015—
2030) established four global priorities, understanding disaster risk, strengthening disaster
risk governance, investing in risk reduction and resilience, and enhancing preparedness while
promoting the concept of “Build Back Better” during recovery [5]. These principles reflect a

shift from reactive disaster response toward proactive, science-based risk reduction,



emphasizing rigorous hazard assessment, spatial analysis, community engagement, and long-
term planning. This conceptual foundation guides the present study and supports the

development of a comprehensive coastal risk assessment for the Imperia municipality.

1-2. Risk

Risk arises from the combined influence of three fundamental components: hazard, exposure,

and vulnerability. This relationship is commonly expressed as:

Risk=HazardxExposurexVulnerability

This formulation highlights that disasters are not caused by hazards alone. Even a moderate
event can result in severe consequences when it affects highly exposed or vulnerable
communities.

According to the United Nations Office for Disaster Risk Reduction (UNDRR), risk
represents “the potential loss of life, injury, or damaged or destroyed assets” resulting from
the interaction between hazardous events and existing conditions of vulnerability and
exposure [4]. This means that risk is shaped not only by natural processes but also by human
decisions such as where cities expand, how infrastructure is built, and how environmental
systems are managed.

Traditional risk assessments often rely heavily on historical data; however, in a rapidly
changing climate this approach is no longer sufficient. Intensifying storms, sea-level rise, and
expanding urban areas introduce new and evolving risks that require updated, forward-
looking models. Research by Hallegatte et al. demonstrates that poorly designed adaptation
strategies can even create maladaptation, increase vulnerability or exacerbating socio-
economic inequalities [6].

Urban areas represent hotspots of risk due to their dense populations, concentrated
infrastructure, and pronounced social disparities. For these regions, detailed and spatially
explicit assessments integrating physical, social, and environmental dimensions are essential

for resilience planning and sustainable development.
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Figure 1-3. Schematic of interactions among the physical climate system, exposure and vulnerability
producing risk (IPCC 2014; used in this article) [7].

1-2-1. Coastal Risk

Coastal zones present elevated levels of risk because hazards, exposure, and vulnerability all
intensify near the shoreline. Sea-level rise, storm surges, wave action, and coastal erosion
interact with dense populations, critical infrastructure, and urban development in low-lying
zones [10]. Consequently, even moderate coastal hazards can generate severe impacts when
combined with higher baseline sea levels and increased exposure [11], [12].

Understanding coastal risk requires integrating physical processes (e.g., wave climate, SLR,
geomorphology) with social and environmental vulnerabilities affecting communities living

near the coast [9].

1-2-2. Hazard

A hazard is a potentially damaging physical event, phenomenon, or human activity that may
cause injury, loss of life, property damage, environmental degradation, or disruption of
essential services. Hazards may be natural, such as earthquakes, floods, and storms;
anthropogenic, including industrial accidents or pollution; or socionatural, such as
deforestation that increases the likelihood of landslides [3], [4]. A hazard becomes a disaster
only when it impacts populations or assets that are exposed, vulnerable, and lacking adequate

coping capacity. Hazards are typically characterized by their intensity, frequency, duration,



spatial extent, and probability of occurrence. According to the Sendai Framework, hazards
are broadly categorized into biological, geological, hydrometeorological, environmental, and

technological classes [5].

1-2-3. Exposure

Exposure refers to the presence of people, infrastructure, housing, economic activities, or
ecosystems in areas that may be adversely affected by hazards. Quantitatively, exposure is
assessed through metrics such as the population living in hazard-prone areas, the number or
value of buildings that are at risk, and the economic activities located within threatened
zones. Low-lying coastal cities represent regions of very high exposure to sea-level rise and
storm surges [3]. However, exposure alone does not determine overall risk; it must be
evaluated together with vulnerability and adaptive capacity to provide a comprehensive

assessment.

1-2-4. Vulnerability

Vulnerability encompasses the characteristics of a community, system, or asset that make it
susceptible to the damaging effects of a hazard. These characteristics may be physical (e.g.,
building fragility), social (e.g., poverty, lack of education), economic (e.g., income
inequality), or environmental (e.g., ecosystem degradation) [3], [8].

UNDRR (United Nations Office for Disaster Risk Reduction ) stresses that vulnerability
varies widely between communities, with specific groups children, the elderly, people with
disabilities, and marginalized populations often facing higher risk due to systemic inequalities
[4].

Gilard (2016) explains that hazards may be natural in origin, but vulnerability is a social
construct influenced by governance quality, planning decisions, and socio-economic systems,
meaning risk cannot be properly understood without a comprehensive vulnerability

assessment [9].

1-2-4-1. Vulnerability in Coastal Areas
Coastal zones are among the most dynamic and vulnerable environments on Earth. These
regions are increasingly threatened by the combined effects of climate change, sea-level rise
(SLR), and anthropogenic pressures such as rapid urbanization and unsustainable land use.

Their complex interaction with atmospheric, marine, and geomorphological processes makes



them particularly sensitive to hazards including coastal flooding, storm surges, and erosion
[10]. Globally, coastlines support major economic and social activities tourism, trade,
fisheries, transportation, and port operations that contribute significantly to national and local
economies. However, these same areas often concentrate large populations and critical
infrastructure, especially in low-lying deltas, estuaries, and island states, making them
hotspots of vulnerability [11]. The socio-economic consequences of coastal disasters,
particularly flooding, are severe in densely populated and poorly protected coastal regions
[12]. Coastal vulnerability is broadly defined as the degree to which populations, ecosystems,
and assets are susceptible to harm from natural hazards such as SLR, storm surges, and
extreme weather events [13]. This vulnerability is exacerbated by increasing exposure, driven
by coastal urban expansion and development within flood-prone zones. Particularly at risk
are Small Island Developing States (SIDS) and atoll nations, where rising sea levels threaten
not only infrastructure but also freshwater availability, food security, and long-term
habitability [14].

The EU Floods Directive (2007/60/EC) emphasizes the need to assess and map coastal
hazards and risks, particularly in light of climate-induced intensification of marine storms,
precipitation extremes, and rising sea levels [3]. Research shows that even if storm frequency
does not significantly increase, the combination of moderate storms with higher baseline sea
levels will substantially amplify coastal flooding in the coming decades [15], [16]. This
challenge is especially relevant for Mediterranean countries, where a large share of economic
activity and urban development is concentrated near the coastline [17], [18]. In recent years,
there has been a shift from traditional engineering-based protection strategies toward more
integrated coastal zone management approaches, incorporating scenario-based climate
modelling, participatory planning, nature-based solutions, and adaptive or hybrid
infrastructure systems. Advanced numerical models now play a key role in projecting how
future climate scenarios will influence storm surges, wave climate, currents, sediment
transport, and shoreline evolution [19]. To manage coastal vulnerability effectively,
researchers typically categorize vulnerability into three primary dimensions, beginning with
geophysical vulnerability, which focuses on physical coastal characteristics such as elevation,
slope, geomorphology, sediment supply, and shoreline change.

2 .Social vulnerability: Concerns community attributes income, age distribution, health,
education level, mobility affecting adaptive capacity.[20]

3 .Socio-environmental vulnerability: Evaluates human—environment interactions, including

pollution, ecosystem degradation, biodiversity loss, and land-use change [21].



Variables commonly used in vulnerability indices include shoreline retreat, land subsidence,
building materials, population density, and distance from the coastline [22]. Historically,
coastal management has relied heavily on hard engineering solutions such as seawalls and
breakwaters. However, growing uncertainty and intensifying hazards have prompted a move
toward adaptive, flexible strategies integrating both engineered and ecosystem-based
solutions [23]. Effective coastal risk reduction now demands a long-term vision supported by

robust data, modelling techniques, and strong stakeholder engagement [24].
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Figure 1-4. Conceptual framework and terms related to coastal vulnerability [from Wamsley et al. (2015)

[9].

1-3. Hazards in Coastal Areas

Coastal zones are exposed to a diverse set of natural and anthropogenic hazards driven by
interactions between marine, atmospheric, and geological processes. These hazards include
sea-level rise, coastal flooding, coastal erosion, storm surges, extreme waves, coastal
landslides, tsunamis, and pollution-related disturbances. Among these, sea-level rise, coastal
erosion, and coastal flooding are widely recognized as the most critical and continuously

intensifying threats to coastal environments, particularly under climate change [10], [12], [15]
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1-3-1. SEA-LEVEL RISE (SLR)

Sea-level rise (SLR) is one of the most significant long-term hazards affecting coastal
regions, as it alters baseline ocean conditions and intensifies the impacts of marine storms,
wave climate, and coastal flooding. Global mean sea level has risen by approximately 21-24
cm since 1901, with the rate of increase accelerating in recent decades due to the thermal
expansion of seawater, the melting of mountain glaciers, and the rapid mass loss occurring in
the Greenland and Antarctic ice sheets [15], [16], [19]. These processes are directly linked to
anthropogenic climate warming, and recent scientific assessments indicate that ice-sheet

contributions will become the dominant driver of SLR throughout the 21st century [20].
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Figure 1-6. Global mean sea-level rise from 1900 to 2100, showing observed trends and projected
scenarios ranging from 0.2 m (low) to 2.0 m (highest) by the end of the century. Adapted from
NOAA, Global and Regional Sea Level Rise Scenarios for the United States [19].

A critical aspect of SLR is its nonlinear amplification of extreme sea-level events. Even
modest increases in mean sea level around 20-30 c¢cm can transform rare events into frequent
occurrences. The IPCC reports that in many coastal regions, present-day 1-in-100-year
extreme sea levels may occur annually by 2100 under high-emission scenarios [17], [21].
This amplification occurs because storm surges, wave run-up, and tidal processes operate on
a higher mean water level, allowing floodwater to travel farther inland and inundate larger

areas than has occurred historically.
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Figure 1-7. Physical processes and drivers contributing to sea-level rise and extreme sea-level events,
including ice-sheet melt, steric expansion, winds, storm surge, tides, and coastal subsidence.
Adapted from IPCC SROCC, Chapter 4, Fig. 4.2 [20].

In addition to episodic flooding, SLR produces a series of chronic geomorphological and
ecological impacts. These include shoreline retreat, driven by increased wave attack and
reduced sediment stability; saltwater intrusion into freshwater aquifers and estuaries,
compromising drinking water and agricultural productivity; wetland drowning where vertical
sediment accretion cannot keep pace with sea-level rise; and the permanent inundation of
low-lying deltas, lagoons, and urban coastal plains [18], [22]. Such chronic impacts are
especially concerning regions with limited natural buffers or engineered protections,

including densely urbanized Mediterranean coastlines such as Liguria.
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Figure 1-8. Global sea-level rise (IS92a scenario) and associated consequences for dryland loss, wetland
loss, population displacement, and protection costs across developing countries, developed
countries, and globally. Adapted from Nicholls and Mimura, 1998 [17].

Recent studies, including the IPCC Sixth Assessment and global coastal datasets, show high
confidence that SLR will persist for centuries due to long-term ocean heat uptake and ice-
sheet response times, even under strong mitigation scenarios [20], [23]. This long-term
commitment to rising seas underscores the need for adaptive, forward-looking planning,
including nature-based defenses, strategic retreat, updated coastal design standards, and

improved monitoring of relative sea-level change (including local subsidence) [24].

1-3-2. COASTAL FLOODING

Coastal flooding is one of the most immediate and damaging hazards affecting coastal
regions, resulting from the interaction of storm surges, wave dynamics, tides, and rising mean
sea levels. Flooding occurs when water levels temporarily exceed the elevation of the coastal
land surface, leading to the inundation of residential areas, transportation networks, industrial

facilities, and critical infrastructure. The frequency and magnitude of coastal floods are
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strongly influenced by meteorological drivers such as low atmospheric pressure, intense
winds, and extreme wave events, which can raise water levels significantly during storms

[27].
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Figure 1-9. Components and interactions contributing to coastal flooding, including atmospheric storm
surge, tidal elevation, wave setup, and storm tide levels. Panel (a) illustrates how these
processes combine to determine total water level and flood extent, while panel (b) shows their
dynamic interactions. Adapted from Moftakhari et al., 2017 [31].

Sea-level rise acts as a powerful amplifier of coastal flooding. Even moderate increases in
mean sea level allow storm surges and high waves to propagate farther inland, converting
events that were historically rare into routine occurrences. The IPCC Sixth Assessment
Report notes that in many coastal locations, what is currently considered a 1-in-100-year
extreme sea level may occur annually by 2100 under high-emission scenarios, especially
where vertical land motion or sediment deficits further elevate relative sea levels [28]. In
enclosed basins such as the Mediterranean Sea, storm surges are typically lower than in open-
ocean regions; however, because many Mediterranean coastal cities including those in
Liguria are densely urbanized and situated very close to the shoreline, even moderate surges
can cause severe inundation and economic disruption [29].

The impacts of coastal flooding extend beyond immediate damage to buildings and
infrastructure. Floodwater often carry sediments, debris, and contaminants that degrade water
quality and ecosystems. Repeated flooding accelerates shoreline retreat, undermines
foundations, degrades transport networks, and reduces the protective function of beaches and
dunes. For regions like Imperia, where steep hinterlands limit the availability of retreat space,
the combination of rising seas and more frequent storm-induced flooding poses substantial

long-term risks for residential zones, tourism structures, and port facilities.

12



Confidence Intervals (m) @ 0.01-0.15 0.15-0.35 0.35-0.70 ©® 0.70-1.00 ® 1.00<

Figure 1-10. Global distribution of tide-gauge stations and confidence intervals for extreme sea-level
estimates, illustrating spatial variability and uncertainty in coastal flood potential. Adapted
from Kirezci et al., 2020 [23].

As climate change intensifies storm patterns and raises sea levels, effective coastal flood risk
management increasingly requires integrated solutions such as nature-based defenses,

improved urban drainage, early-warning systems, and adaptive land-use planning [30].

1-3-3. Coastal Erosion

Coastal erosion is a major geomorphological hazard driven by the continuous removal and
redistribution of sediments along the shoreline. Although erosion is a natural process shaping
coastal landscapes, climate change, sea-level rise, and human interventions have intensified
erosion rates worldwide. Rising mean sea level increases the depth of nearshore waters,
allowing larger waves to reach the coast and causing higher wave energy to act directly on
beaches, dunes, and cliffs. This process accelerates shoreline retreat and leads to the loss of
protective natural buffers that otherwise reduce storm impacts [33].

Storm events play a critical role in episodic erosion, such as high waves, storm surge, and
elevated water levels mobilize large volumes of sediments. During severe storms, beaches
may experience dramatic profile changes, dune breaching, overwash, and cliff undercutting.
These short-term erosive events can permanently alter coastal morphology when sediment
supply is insufficient for natural recovery. The Mediterranean region, including the Ligurian
coastline, is particularly vulnerable: the steep hinterland, limited sediment input from rivers,

and widespread human modifications such as ports and seawalls reduce natural sediment
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availability, making erosion more persistent and difficult to manage [34].
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Figure 1-11. Global distribution of sandy coastlines, expressed as the percentage of sandy shoreline per
region (1984-2016).

The map shows major sandy coastal regions 33% in North America, 27% in South America,
23% in Europe, 67% in Africa, 35% in Asia, and 32% in Oceania illustrating global
variability and the susceptibility of sandy coasts to erosion.
Adapted from Luijendijk et al., 2018 [25].

Human activities also contribute significantly to erosion processes. Urban development,
coastal armoring, dredging, and the interruption of longshore sediment transport disrupt
natural sediment budgets. Structures such as breakwaters and groins may protect specific
areas but often exacerbate erosion downstream by altering wave patterns and sediment flow.
In regions like Imperia, where narrow beaches lie adjacent to steep terrain and critical
infrastructure, even moderate erosion can have substantial socio-economic impacts,

threatening tourism assets, transportation corridors, and residential zones [35].
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Figure 1-12. Global shorelines change rates (1984-2016) showing erosion (red) and accretion (green).
Circle size represents the magnitude of shoreline movement (m/yr). Regional averages
highlight major global erosion hotspots. Adapted from Luijendijk et al., 2018 [25].

The long-term consequences of coastal erosion extend beyond physical changes to the
shoreline. They include increased vulnerability to flooding, loss of ecological habitats,
reduced recreational value, and rising maintenance costs for coastal defenses. Effective
erosion management requires integrated strategies that combine monitoring, sediment
management, and nature-based solutions such as beach nourishment, dune restoration, and

setback planning to enhance resilience to ongoing climatic and anthropogenic pressures [36].
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Literature Review

2-1. Context and Prior Research

In this study, E. Furlan et al. developed of a Multi-Dimensional Coastal Vulnerability Index
in the Italian coastal zone global multi-hazard [37] combining storm surges, sea-level rise,
tsunamis, and extreme weather using GIS and global environmental datasets. They found that
the highest risks occur in low-lying, densely populated coastal regions. The study concludes
that socio-economic vulnerability greatly amplifies physical coastal hazards. In this book
chapter, Bainiski and Meadows (eds.) [38] present a comprehensive overview of how coastal
vulnerability is assessed in modern geographical research. The authors review major
frameworks and indicators used in coastal vulnerability assessment, highlighting physical and
socio-economic factors such as slope, elevation, shoreline type, and population density. They
explain key methodological steps including indicator selection, normalization, weighting, and
GIS integration and compare common multi-criteria approaches. The chapter concludes that
vulnerability is multi-dimensional and must combine both biophysical and human
components for effective coastal risk evaluation. In this study, Alessio Satta and colleagues
propose an index-based framework designed specifically for Mediterranean coastal regions,
where intense urbanisation and complex geomorphology amplify hazard exposure. The
authors develop a GIS-based Coastal Vulnerability Index (CVI) that integrates both physical
indicators such as elevation, slope, shoreline type, and coastal morphology, socio-economic
variables, including land use patterns and population density. By applying weighted-overlay
techniques, the study demonstrates that low-lying sandy shorelines and heavily urbanised
stretches consistently emerge as the most vulnerable zones. The results highlight how
different hazard drivers (storm surge, erosion, flooding, sea-level rise) interact with human
pressure, creating concentrated hotspots of risk along the coast. They conclude that
combining diverse spatial datasets in GIS provides an effective tool for identifying priority
coastal risk zones. Lombardini, Salmona, and Taramasso apply statistical techniques such as
regression, time-series analysis, and GEV extreme value modelling to evaluate coastal
hazards along the Ligurian coast [39]. Their work shows that statistical analysis is essential
for identifying long-term trends in storms, sea levels, and sediment dynamics, as well as for

estimating the probability of extreme events. By integrating these statistical results into a GIS
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framework, the authors demonstrate that hazard mapping becomes more accurate and
spatially detailed, improving the effectiveness of coastal risk assessment and management.
Alice Re et al. evaluated how different climate scenarios influence future coastal flood
vulnerability in the Ligurian region [40]. Using regional climate projections and
hydrodynamic modelling, the authors assess how sea-level rise, storm surges, and extreme
rainfall events may evolve under various future emission pathways. Their results show that
climate change significantly increases the frequency and intensity of coastal flooding,
particularly in low-lying and urbanised coastal sectors. The study highlights the importance
of integrating climate scenario analysis into coastal planning, demonstrating that forward-
looking projections provide a more realistic basis for vulnerability assessment and long-term
risk management. Falciano and colleagues present the SAVEMEDCOASTS-2 WebGIS, an
online platform that visualizes future relative sea-level rise and storm-surge scenarios up to
2100 for Mediterranean coastlines [41]. By integrating satellite observations, numerical
models, and high-resolution elevation data, the tool allows users to explore how different
climate scenarios will reshape coastal flooding patterns. The study shows that low-lying and
heavily urbanized coastal zones face the greatest exposure and emphasizes that accessible
digital platforms are essential for supporting coastal planning, risk communication, and
climate-change adaptation across the region. Anfuso and Martinez Del Pozo evaluate coastal
vulnerability in South Sicily by examining how natural hazards such as erosion, storm surges,
and sea-level rise interact with human pressures like urbanization and coastal engineering.
Through GIS-based multi-criteria analysis, the authors identify the most vulnerable shoreline
sectors where ecological degradation and physical hazards converge. Their findings show that
human activities significantly amplify natural vulnerability, reinforcing the need for
sustainable coastal planning and ecosystem-based management strategies [42]. Ferrando,
Faccini, Poggi, and Coratza develop a regional geosite inventory for Liguria to support
geoconservation and improve environmental management [42]. Using GIS-based mapping
and geomorphological analysis, the authors identify valuable geological sites and assess their
sensitivity to natural and human-induced pressures. Although focused on geosites rather than
hazard mapping alone, the study highlights that coastal areas with high geological value are
often the same zones exposed to erosion, slope instability, and anthropogenic stress. Their
work reinforces the idea that environmental and coastal vulnerability assessments should
integrate both geoscientific knowledge and conservation principles to ensure sustainable land
and coastal management. Smiraglia et al. show that rapid coastal urbanization in Italy has

expanded development into low-lying and erosion-prone areas, reducing natural buffers and
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increasing exposure to sea-level rise, storm surges, and erosion. Using remote sensing and
GIS analysis, the authors identify new hazard hotspots created by unregulated coastal growth.
Their findings align with the situation in Imperia, where dense coastal settlement similarly
heightens vulnerability [43]. Sales develops a detailed geospatial database of the coastal
hospitality sector in Veneto and Emilia-Romagna, mapping thousands of hotels and tourism
facilities together with elevation, proximity to the shoreline, and sea-level rise projections. By
integrating data from web scraping, Google Places APIs, and digital terrain models, the study
provides a robust foundation for assessing how climate change, sea-level rise, erosion, and
storm surges may affect tourism infrastructure [44]. Buosi et al. present a detailed dataset
assessing the vulnerability of eleven dune systems along Sardinia’s microtidal, wave-
dominated beaches. Using 59 variables grouped into geomorphological condition, marine
influence, aeolian processes, vegetation state, and human disturbance, the authors calculated
both a Dune Vulnerability Index (DVI) and partial vulnerability indicators. The dataset,
derived from field surveys and aerial imagery, highlights how natural dynamics and human
pressures interact to shape dune stability [45]. Ancora et al. and colleagues examine the long-
term ecological health of a reintroduced osprey population living in coastal environments of
Central Italy. Through an integrated monitoring approach that includes contaminant analysis,
biomarker screening, and behavioural metrics, the authors assess how pollutants such as trace
metals and persistent organic pollutants (POPs) accumulate in top predators. Their findings
reveal spatial differences in contamination levels and significant correlations among key
toxic elements, indicating that even protected coastal ecosystems can expose wildlife to
chronic environmental stress. Although focused on ospreys, the study highlights a broader
insight relevant to coastal vulnerability research: environmental health, pollution exposure,
and ecological resilience are fundamental components of coastal system stability, reinforcing
the importance of integrated, multi-indicator assessments in coastal management frameworks
[46]. Building upon the methodological foundations established in the reviewed literature,
this thesis advances coastal vulnerability assessment through a multi-hazard, multi-
dimensional framework specifically tailored to the Imperia municipality. While previous
studies have demonstrated the value of indicator-based models, GIS integration, and
statistical hazard analysis, they often remain limited either by their global scale, simplified
vulnerability dimensions, or restricted consideration of marine dynamic processes. In
contrast, the present work employs high-resolution local datasets (ISTAT census data, DEM-
based slope and altimetry, geomorphology, industrial and seismic zoning, cultural heritage

layers) and integrates them with advanced marine hazard modelling. These include long-term
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wave climate analysis (1995-2023), seasonal storm characterization, Generalized Extreme
Value (GEV) modelling of extreme waves, and SSP3-7.0 sea-level rise inundation
simulations. Methodologically, the thesis introduces a six-dimension Composite
Vulnerability Index (CVI) coastal, social, physical, environmental, cultural, and
communication vulnerability harmonized on a 500 x 500 m spatial grid. This approach
allows for consistent comparison across indicators and provides a more detailed
representation of territorial fragility than traditional CVI models. In addition, the integration
of multiple hazard layers (coastal flooding return periods, erosion susceptibility, SLR
exposure, marine storm dynamics, seismic hazard, and industrial risk) produces a
comprehensive, spatially explicit vulnerability map capable of informing municipal decision-
making. Overall, this thesis not only synthesizes the conceptual and methodological advances
found in the literature but also extends them through localized data, enhanced spatial
resolution, additional dimensions of vulnerability, and the explicit incorporation of marine
climate dynamics. These contributions position the study as a significant step forward from
existing coastal vulnerability assessments, offering a robust decision-support framework

uniquely adapted to the Mediterranean context and the Imperia coastline.
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DATA AND METHODS

3-1. Area of study

Imperia is a coastal municipality located in the western part of the Liguria region in
northwestern Italy. Situated along the Ligurian Sea and bordering France to the west, it lies
roughly halfway between the cities of Genoa and Nice, forming part of the well-known
Riviera di Ponente [37], [38]. The territory develops along a narrow coastal strip where the
Mediterranean shoreline meets the steep, terraced hills of the Maritime Alps, producing a

highly characteristic and complex landscape typical of western Liguria [39].

The municipality is composed of several coastal towns and neighbourhoods, with Porto
Maurizio and Oneglia representing the two historical centres that now form the modern city.
Imperia’s coastline alternates between small sandy beaches, rocky headlands, artificial
waterfronts, and highly urbanized sectors associated with tourism, maritime activities, and
local industries such as olive oil production an important historical economic tradition of the
province [37], [40]. Inland areas rise rapidly from the coast, forming terraced slopes

cultivated with olive groves and residential areas overlooking the sea.

For this study, Imperia was selected because it is highly exposed to multiple coastal hazards,
including sea storms, coastal flooding, river flooding, erosion, and long-term sea-level rise
hazards that are increasingly affecting Mediterranean coastal municipalities due to climate
change [41], [42]. As a coastal area with low-lying urban sectors, vulnerable sandy beaches,
and critical infrastructure located close to the shoreline, Imperia represents a significant case

study within the broader context of Ligurian coastal vulnerability [39], [40].

The aim of this research is to provide a comprehensive coastal vulnerability and hazard
assessment for the Imperia municipality. The analysis integrates geomorphological,
environmental, physical, social, cultural, and communication-related indicators to understand
how different parts of the territory respond to natural hazards. Input data were obtained from
several authoritative sources, including Region Liguria Geoportal (coastal morphology, land
cover, slope, elevation, and coastal protections) [37]. ISTAT census data (population, building

density, social indicators) [38]. Copernicus Marine Service (wave climate, storm events,
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long-term wave statistics) [7]. NASA Sea Level Rise Portal (future sea-level projections) [8].

Digital Elevation Models and satellite imagery (topography and coastal characterization).

Imperia is exposed to a wide range of hazards, primarily coastal flooding, storm surge,
erosion, and sea-level rise, as documented in regional and Mediterranean studies [39], [41],
[42]. Additionally, the municipality lies in Seismic Zone 2, indicating a high seismic hazard
according to the Italian national seismic classification system managed by the Dipartimento
della Protezione Civile [45]. The combination of coastal hazards, seismic risk, and socio-
economic exposure makes Imperia a strategically important site for a detailed vulnerability
assessment.

This study therefore aims to analyse the hazards that most frequently threaten the
municipality and to assess the multiple dimensions of vulnerability that shape Imperia’s
overall risk profile. The resulting maps and indicators provide a foundation for future coastal

planning, risk mitigation strategies, and climate change adaptation measures.
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Figure 3-1. Area study of Imperia. Source: Google Map
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3-2. Vulnerability Charachteristics of the Study Area

Vulnerability in the Imperia study area is assessed through a combination of approved and
widely used GIS-based methods, following an integrated and holistic approach similar to
those applied in coastal risk assessments across the Mediterranean region [51], [53]. The
methodology represents a key element of the overall coastal vulnerability framework and is
designed to balance analytical reliability with practical applicability. Given the increasing
exposure of coastal municipalities to climate-related hazards, a flexible yet robust procedure
is required to support decision-making processes, particularly in civil protection and

municipal planning contexts [50], [55].

In an ideal scenario, a comprehensive risk assessment should consider all components of
vulnerability, physical, social, environmental, cultural, and infrastructural together with the
geomorphological characteristics of the coast [49], [54]. However, such a detailed analysis
typically requires extensive datasets and significant processing time. To ensure a method that
is both rapid and reliable, the present study combines multiple indicators derived from
accessible and authoritative sources, including elevation models, land cover datasets, census

information, and coastal morphology layers [51], [53], [55].

The vulnerability of Imperia was evaluated by integrating six primary dimensions, following
established frameworks in coastal and social vulnerability research [49], [51], [53]. 1)Social
Vulnerability, based on population density, age distribution, and percentage of females
(ISTAT census data), reflecting well-known demographic factors influencing exposure to
hazards [49], [50]. 2)Physical Vulnerability, derived from residential building density and the
number of building floors, consistent with structural vulnerability metrics used in coastal and
urban studies [51], [56]. 3)Environmental Vulnerability, determined through reclassification
of CORINE Land Cover 2018 into macro-classes with varying sensitivity levels, a common
practice in environmental vulnerability assessments [53]. 4)Cultural Vulnerability,
highlighting the exposure and sensitivity of cultural heritage sites and historically significant
structures, in line with recent literature emphasizing cultural assets as a key component of
territorial ~ vulnerability [54]. 5)CoastalVulnerability, based on geomorphological
classification (sandy, rocky, artificial coasts), slope, and elevation factors widely recognized
as drivers of coastal susceptibility [51], [53], [56]. 6)Communication Vulnerability, assessing
accessibility and the potential isolation of areas due to road and railway network distribution,

following the principle that connectivity strongly affects emergency response capacity [55].
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Each indicator was normalized to ensure comparability and assigned a vulnerability score
reflecting its relative contribution to overall coastal risk. A weighted mean was then applied
to obtain a single holistic vulnerability index for each spatial unit. The weights were defined
to prioritize conditions that influence direct and indirect impacts on people, for example,
higher vulnerability was assigned to densely populated coastal areas, zones with critical
infrastructure, and sectors near sandy beaches where storm and flood impacts are more severe
[51], [55]. The final vulnerability values were classified into five categories, ranging from
Very Low to Very High, consistently with the hazard classes used in the coastal and river
flood assessments. This harmonization ensures that vulnerability and hazard layers can be
combined effectively in the final risk computation, following standard risk assessment
frameworks where Risk = Hazard x Vulnerability [50], [55]. To facilitate spatial comparison
and integration of multi-thematic datasets, the study area the area of interest Imperia province
was divided into 417 grid cells, each measuring 500 m x 500 m (0.25 km?). This results in a
total covered area of approximately 104.25 km?. This gridded structure allows for systematic
spatial analysis of vulnerability, while maintaining computational efficiency suitable for
operational risk mapping purposes. For each cell, the six vulnerability dimensions were
computed, normalized, and aggregated to produce the Complex Vulnerability Index (CVI).
[51], [53], [56]. The resulting vulnerability map provides a clear and operationally oriented
representation of the sectors of Imperia most susceptible to damage under extreme events.
Because the indicators used are based on readily available data (DEM, land cover, census
information, and coastal characteristics), the proposed approach is particularly suitable for
emergency management and rapid risk evaluation activities [55]. Nonetheless, careful
consideration must be given to the definition of vulnerability classes and weights; therefore,
expert judgment and familiarity with local conditions remain essential components of the

assessment process [50].
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Figure 3-2. Area of study of Imperia, divided in 417 cells. Source: QGIS.

In this study, each grid cell was evaluated using five spatial indicators representing key
dimensions of vulnerability. To ensure comparability across datasets, all indicators were
classified using a standardized ordinal scale ranging from 1 to 5, where corresponds to very
low, low, Average, high, and very high vulnerability. Such categorical scaling approaches are
commonly applied in multi-criteria coastal vulnerability studies because they allow

heterogeneous variables to be integrated into a unified assessment framework [49], [50].

The five vulnerability indicators included in the analysis are: a) Coastal Vulnerability, based
on geomorphology, slope, elevation, and shoreline characteristics; b)Communication
Vulnerability, reflecting accessibility, dependence on key transport routes, and potential
isolation during hazard events; c)Cultural Vulnerability, assessing the exposure and
sensitivity of cultural heritage sites and historically significant structures;d) Social
Vulnerability, derived from demographic factors such as population density and age
distribution; e) Physical Vulnerability, based on building density and the structural

characteristics of residential areas.

For each cell, the assigned values from these five indicators were summed and divided by the
total number of indicators (five) to compute a single Composite Vulnerability Score. Using an

averaged multi-indicator index is a widely adopted technique in both coastal and flood

24



vulnerability assessments, as it yields an interpretable and operational metric suitable for

integration into hazard and risk analyses [49], [51]
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Table 3-1. Vulnerability classification.

Vulnerability classes
Very Low =>(and <0.2 1
Low =>(.2 and <04 2
Average =>(.4and < 0.6 3
High =>(.6 and < 0.8 4

3-2-1. Coastal Vulnerability

Coastal vulnerability is a fundamental component of coastal risk assessment, as it reflects

how geomorphological, physical, and socio-environmental conditions influence the
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susceptibility of a coastline to natural hazards and climate-induced changes. Among the
available index-based approaches, the Coastal Vulnerability Index (CVI) proposed by
Gornitz [63] and later refined by Thieler and Hammar-Klose [64] is one of the earliest and
most widely used synthetic indicators for evaluating coastal response to sea-level rise and
extreme marine events. The CVI framework combines several physical variables to identify
coastal segments that are more sensitive to hazards such as erosion, inundation, and storm

surge.

A modified formulation of the original CVI, introduced by Pendleton et al. [65], has since
been applied extensively across different geographical contexts and territorial scales,
demonstrating its flexibility in incorporating environmental and socio-economic variables
[51],[66]. As noted in the literature, numerous studies have adapted or expanded the CVI to
integrate additional parameters, such as vegetation buffers, coastal infrastructures, or human
exposure thereby tailoring the index to the specific characteristics of coastal environments

[67],[65].

In this study, coastal vulnerability along the Imperia municipality was evaluated by adapting
the CVI framework to the geomorphological and land-use characteristics of the Ligurian
coastline. Imperia’s coastal area is particularly complex, consisting of low sandy beaches,
narrow urbanized shorefronts, rocky headlands, and engineered shorelines. To capture this
variability, several parameters were selected based on established CVI applications and
regional coastal studies [51], [52], [68]. The coastal vulnerability score is assigned only to
cells located directly along the coastline, using a scale from (very low) to (very high). For
inland grid cells, where direct marine influence is minimal, the coastal vulnerability value is

defined as 1, in accordance with CVI methodological standards.

The proposed CVI for Imperia incorporates the following seven variables, selected for their
relevance in determining the susceptibility of the coastline to marine hazards: Coastal slope
and altimetry, as lower elevations and gentle slopes increase flood and erosion
susceptibility. Geomorphology, distinguishing sandy beaches, rocky coasts, and artificial
shorelines, which differ substantially in resistance to wave action. Presence of coastal
protection structures, including seawalls, breakwaters, and groynes. Beach width, an
important factor influencing the natural buffering capacity of the shoreline. Width of
vegetated areas, representing natural barriers between the shoreline and adjacent

infrastructure. Population density, used to account for human exposure along the coast.
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Building density, representing structural exposure and potential damage in coastal urban

zones.

These variables were selected to reflect both physical coastal characteristics and human-
related exposure, in line with recent coastal risk assessment practices that integrate
environmental and socio-economic indicators for comprehensive vulnerability evaluation
[60],[67], [71]. The resulting coastal vulnerability index forms a core component of the

overall vulnerability analysis for the municipality of Imperia.

3-2-2. Coastal Slope and Altimetry

Coastal elevation and slope are fundamental parameters for identifying how sensitive a
shoreline is to coastal hazards such as inundation and storm surge. Elevation expresses the
vertical height of land relative to sea level, while slope describes the steepness of the terrain;
together, they determine how easily marine waters can penetrate inland during extreme
events [64].

In the Imperia municipality, the coastal terrain can be broadly divided into two main
categories based on altimetry and slope: (1) Sandy coast, low-lying flat areas, (2) elevated
rocky coastlines.

Flat coastal areas are defined as sectors with slopes below 10° and elevations lower than
approximately 5 meters above sea level. These zones are the most exposed to storm surge and
flooding because even small increases in water level can rapidly inundate them [66].

In contrast, the remaining parts of the coast consist of high, rocky cliffs and steep slopes
ranging between 10° and 90°, typical of much of the Ligurian coastline. These elevated
landforms are inherently less sensitive to sea-level rise and coastal flooding due to their
height and geomorphological resistance [52], [63]. Based on these characteristics, a
vulnerability value of 1 (very low) is assigned to steep or elevated coastal cells, while a value
of 5 (very high) is attributed to flat and low-lying areas. This classification reflects
established practices in coastal vulnerability mapping, where terrain morphology is a key

determinant of exposure [64], [63].

3-2-3. Geomorphology

Coastal geomorphology is one of the most important factors influencing shoreline
vulnerability because the physical structure of the coast determines its resistance to wave

action, erosion, and sea-level rise. Different coastal landforms, such as sandy beaches, rocky
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cliffs, and artificial shorelines respond in distinct ways to marine processes and therefore
exhibit varying levels of susceptibility to coastal hazards [51].

The Ligurian coastline, including the Imperia municipality, is characterized by a combination
of rocky headlands, narrow sandy beaches, and engineered coastal sections. Sandy beaches
are generally the most vulnerable geomorphological type, as they are composed of
unconsolidated sediments easily eroded during storms or high-energy wave events. Their low
elevation and limited sediment supply make them highly sensitive to even small increases in
sea level [52]. In contrast, rocky cliffs and elevated headlands common along much of the
Imperia shoreline are typically more resistant to erosion due to their lithological strength and
steep profiles. Although cliff retreat can still occur, especially under intense storm conditions,
these landforms provide greater natural protection from wave run-up compared to
sedimentary coasts [68]. Artificial coastal segments, such as harbour structures, seawalls, and
reinforced waterfronts, represent another important geomorphological category. While these
structures can offer significant local protection, they often interrupt natural sediment transport
and may increase erosion in adjacent unprotected areas [66].

In this study, geomorphology was classified according to its relative vulnerability. Rocky
coasts were assigned to low vulnerability, artificial shorelines were assigned intermediate
values, and sandy beaches were assigned the highest vulnerability due to their heightened
sensitivity to coastal hazards and sea-level rise. This classification aligns with established
approaches used in coastal vulnerability assessments across Europe and the Mediterranean

region [51],[66].

Table 3-2. Geomorphology vulnerability classification

Geomorphology Characteristics Vulnerability class
Artificial or Rocky coast Least sensitive to erosion Very low
Sandy coast Most sensitive to erosion Very High

3-2-3-1. Coastal Protection
Coastal areas must be managed to prevent natural processes, such as erosion, storm surge,
and flooding from damaging vulnerable sections of the shoreline. Hard engineering

structures, including seawalls, groynes, and breakwaters, are commonly used to stabilize the
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coast and reduce the effects of longshore sediment transport [20]. Along many Mediterranean
coasts, erosion has intensified due to climate change, urban growth, and reduced sediment
supply, resulting in shrinking beaches and increased environmental, social, and economic

impacts [4], [3].

Early intervention through coastal defense and mitigation strategies is considered essential.
Studies show that upgrading hard defenses and implementing beach nourishment can
significantly reduce future climate-related impacts [23]. According to the IPCC, hard
protection will continue to be one of the most widespread and effective responses to sea-level
rise in densely populated coastal zones throughout the 21st century because of its high

reliability and cost-efficiency in urban settings [5].

In the Imperia municipality, various forms of hard protection are present, including groynes,
seawalls, and offshore breakwaters. For the purposes of this study, the coastal protection
variable assigns a vulnerability value of 1 to coastal cells protected by hard engineering

structures and 5 to unprotected coastal segments, which are more exposed to marine hazards.

3-2-3-2. Beach Width

Beach width is a key parameter influencing coastal vulnerability because wider beaches act
as natural buffers that absorb wave energy and reduce the impact of storm surge and coastal
flooding. Narrow beaches, on the other hand, offer limited protection and are more

susceptible to erosion, over wash, and shoreline retreat during high-energy events [70].

In the Imperia municipality, beach width varies considerably along the coast, with some
sectors characterized by very narrow urban beaches and others influenced by coastal
engineering structures. Narrow beaches are generally more vulnerable due to limited
sediment availability and reduced dissipation of wave energy, while wider beaches can delay

or reduce inland impacts during storms [73], [52].

For the purposes of this study, beach width was included as one of the CVI variables. Coastal
cells with very narrow beaches were assigned a vulnerability value of5, indicating high
vulnerability, whereas cells containing wider beaches received lower vulnerability values,

consistent with their greater natural protective capacity. This classification follows widely
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used approaches in coastal vulnerability assessments, where beach geometry is recognized as

a fundamental factor influencing coastal resilience [70],[52].

3-2-3-3. Width of vegetation

The presence and width of coastal vegetation play an important role in reducing coastal
vulnerability. Vegetated areas including dunes, shrubs, and coastal green belts act as natural
barriers that dissipate wave energy, trap sediments, and stabilize the shoreline. These natural
buffers are known to reduce the inland penetration of waves and storm surge, thereby

lowering the exposure of built-up areas to coastal hazards [73], [74].

In the Imperia municipality, vegetated strips are generally narrow due to the steep topography
and intense urbanization along the coastline. Where vegetation is present, it provides
additional protection by absorbing wave impact and decreasing erosion rates. Conversely,
areas lacking vegetation are more vulnerable because there is no natural barrier separating the

shoreline from infrastructure, buildings, or transport networks [52].

For this study, vegetation width was classified as a vulnerability indicator within the CVI
framework. Wide and continuous vegetated buffers were assigned a value of 1, indicating
low vulnerability, while absent or very narrow vegetation belts received a value of 5,
representing high vulnerability. This approach aligns with established coastal risk assessment
methodologies, where coastal vegetation is recognized as an effective nature-based defense

against extreme events [73],[52].

3-2-4. Population Density

Population density is a key component of coastal vulnerability because areas with higher
concentrations of people face greater potential impacts during hazardous events. Dense
populations increase exposure, complicate evacuation procedures, and amplify the social and
economic consequences of flooding, storm surge, and erosion [58], [59]. In coastal
municipalities such as Imperia, populated areas are often located very close to the shoreline,

where even moderate marine events can directly affect residents, services, and infrastructure.

Within the study area, census data from ISTAT show that several coastal sectors particularly
the urban centers of Oneglia and Porto Maurizio, exhibit significantly higher population

densities compared to inland or less-developed coastal areas. These densely inhabited zones
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are more vulnerable because a larger number of people may be affected during an extreme
event, and the disruption to services and mobility is typically greater [59], [60]. For this
reason, population density was incorporated as a vulnerability variable in the CVI framework.
Cells with high population density were assigned a vulnerability value of 5, indicating very
high vulnerability, while sparsely populated cells were assigned lower values. This
classification follows established approaches in social and coastal vulnerability studies,

where human exposure is a fundamental determinant of risk [59], [60]

v’ Population Density = total residents/ area of a census block

It is classified from very low (1) population density to very high population density (5) in

different vulnerability indicator portions.

3-2-5. Building Density

Building Density = total residential buildings / area of a census block
It is classified from very low population density (1) to very high population density (5)

in different vulnerability indicator portions.

3-2-6. Social Vulnerability

Social vulnerability refers to the characteristics of individuals or groups that influence their
ability to anticipate, cope with, resist, and recover from the impacts of hazardous events [10].
Evidence shows that climate-related hazards disproportionately affect socially vulnerable
populations, particularly in coastal regions where exposure to storms, flooding, and sea-level
rise is higher [59]. Social vulnerability therefore identifies the demographic and social
features that make certain groups more sensitive to harm and less capable of responding
effectively during emergencies [60]. In coastal communities, groups such as children, elderly
people, and females are often considered more vulnerable due to physical, social, or
economic limitations that reduce their adaptive capacity. These categories are widely
recognized in vulnerability research as being at greater risk during disasters and extreme
events [59], [60]. In this study, social vulnerability for the Imperia municipality was assessed
using demographic information obtained from the ISTAT census, which provides detailed
data on population structure, age distribution, and gender ratios. Based on established
methodologies in social vulnerability assessment, three key demographic factors were

selected and combined into a weighted index:
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Social Vulnerability = 0.5* population density + 0.4* percentage of specific

categories at risk + 0.1* percentage of females.

Population density = Total of residents / Area of the census block

Percentage of specific categories at risk = (Residents < 5 years + Residents > 65 years )

/ Total of Resident.

This weighting scheme emphasizes population concentration and the proportion of socially
sensitive groups, reflecting their stronger influence on vulnerability levels. The inclusion of
these demographic indicators aligns with widely used frameworks for evaluating social

vulnerability in hazard-prone coastal regions [59], [60], [61].

3-2-7. Physical Vulnerability

The term physical vulnerability connects the characteristics of Residential Buildings (RB)
based on building density and number of floors. Input data is downloaded from ISTAT.
Physical Vulnerability = 0.4* Building Density + 0.6* number of floors

Building Density = Total of Residential Buildings / Area of the census block

Number of floors = (RB 1 floor*0.4 + RB 2 floors* 0.3 + RB 3 floors* 0.2 + RB > 4
floors*0.1) / (Total RB).
3-2-8. Environmental Vulnerability

Data from Corine Land cover and ISTAT. CORINE landcover  gives us very useful
information in terms of landcover. CORINE Land Cover is a pan-European land cover

inventory with 44 thematic classes.

Urban Area: Very High vulnerability, Agricultural Area: moderate vulnerability, All the rest:
Very Low vulnerability.
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3-2-9. Communication Ways Vulnerability

Communication and accessibility are essential during and immediately after a disaster
because they enable the movement of emergency services and help affected populations stay
connected with support systems. Reliable transport networks are therefore a key component

of community resilience [75], [53].

In Imperia, many coastal transport routes roads and railways run close to the shoreline,
making them vulnerable to disruption from storm surge, flooding, and erosion. Areas with
limited or single-access roads are at higher risk of isolation during extreme events. Spatial
data for roads and railways were obtained from srvcarto.regione.liguria.it. Cells with well-
connected transport networks were assigned a vulnerability value of 1, while poorly

connected or easily disrupted areas were assigned a value of 5.

3-2-10. Cultural Vulnerability

Cultural vulnerability refers to the exposure of heritage assets such as monuments, historic
buildings, museums, and archaeological sites to natural hazards. These cultural elements hold
significant symbolic, historical, artistic, and social value, making their protection an
important aspect of coastal risk assessment [59], [60]. In coastal municipalities like Imperia,
many heritage structures are located near the shoreline or in old urban centres that may be
susceptible to flooding, erosion, or storm damage. Areas containing such cultural assets are
therefore considered more vulnerable due to the potential irreversible loss of cultural identity
and heritage. Spatial data on cultural heritage sites were obtained from
geoportal.regione.liguria.it. In this study, grid cells containing one or more cultural elements
were assigned higher vulnerability values, while cells without heritage features were assigned

lower values.

3-3. Industrial Data

Industrial vulnerability refers to the exposure of production facilities and economic activities
to natural hazards, and the degree to which their location influences operational safety,
continuity, and environmental risk. In the Imperia municipality, the olive oil industry is a key
economic sector, with several historic and modern factories distributed across different parts

of the territory. The spatial distribution of these industrial sites was analysed to understand
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how well they align with existing planning zones and how exposed they are to coastal and

hydrological hazards.

Using land-use data from the provincial planning map (7avola 40) available through
geoportal.regione.liguria.it, three main olive oil factories including major producers such as
Fratelli Carli were mapped within the study area. These facilities occupy contrasting
territorial settings, which contribute to different levels of vulnerability. One factory is located
within a formally designated industrial zone, equipped with suitable infrastructure and
relatively low exposure to natural hazards, making it the least vulnerable. A second factory
lies within a residential area close to low-lying coastal sectors, where the potential for
flooding or storm-related impacts is higher. The third facility is situated in a rural area outside
official planning zones, where accessibility is limited and exposure to environmental hazards

may be more difficult to manage.

These location-based differences highlight the relevance of spatial planning in reducing
industrial vulnerability. Factories situated in appropriate industrial zones tend to benefit from
better infrastructure, regulatory protection, and reduced risk, while facilities placed in
residential or hazard-prone areas may face greater exposure and operational challenges

during extreme events [53], [75].

3-4. Seismicity Data

Seismic hazard was included in the methodological framework to reflect the multi-hazard
characteristics of the Ligurian region, where earthquake activity has historically influenced
territorial risk conditions. Seismic zoning data were obtained from the Regione Liguria
Geoportal, which provides the official classification defined by D.G.R. 962/2018 and aligned
with the national seismic guidelines established by the Dipartimento della Protezione Civile
[49], [77]. This dataset divides the regional territory into four seismic zones based on
expected peak ground acceleration (PGA) and historical seismicity. The seismic zoning layer
was imported into QGIS and clipped to the municipal boundary of Imperia to determine the
specific seismic context relevant to the study area. This methodological step made it possible
to identify the officially assigned seismic zone for Imperia and incorporate this information
as a contextual factor influencing building standards, emergency planning, and hazard

interactions. Although seismicity was not used as a quantitative vulnerability indicator within
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the CVI framework, it provides essential background information for understanding the
overall risk environment and supports the interpretation of vulnerability patterns within the

municipality [53].

3-5. Hazard

3-5-1. Flood

3-5-1-1. Coastal Flooding

Coastal flooding was incorporated into the methodological framework to account for the
combined effects of sea storms and long-term sea level rise, which represent two of the most
significant hazards affecting coastal areas. To analyze flooding susceptibility in the Imperia
municipality, marine and hydrodynamic datasets were collected from the Copernicus Marine
Service, providing information on offshore wave climate, storm surge events, and sea-level
anomalies [7]. Long-term sea level rise projections were obtained from the NASA Sea Level
Change portal, which integrates satellite altimetry and climate model outputs [56]. These
datasets were processed in QGIS and used to create spatial layers representing extreme sea
levels and storm surge exposure along the Imperia coastline. The flooding analysis focused
on low-lying sectors, using elevation data derived from regional DEMs provided by
geoportal.regione.liguria.it. DEM rasters were reclassified to identify areas below critical
elevation thresholds commonly associated with storm-driven inundation. Although this study
does not compute a hydrodynamic flood model, the combination of storm surge statistics,
wave climate data, and elevation-based screening provides a reliable indication of coastal
areas most susceptible to marine flooding. This multi-source approach follows widely used
methodologies in coastal hazard assessments, where sea storms and sea level rise are jointly

considered to evaluate present and future coastal flooding risk [56], [53].

3-5-1-2. Wave Climate

Wave climate was analyzed to understand the exposure of the Imperia coastline to long-term
marine dynamics. For this purpose, offshore wave reanalysis data were obtained from the

Copernicus Marine Service, which provides high-resolution hindcast datasets for the
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Mediterranean Sea [55]. Two variables were selected as primary descriptors of regional wave
conditions: significant wave height (VHMO) and mean wave direction (VMDR). These
parameters are widely used in coastal hazard and erosion studies because they capture both

the intensity and directional characteristics of wave energy [53], [68].

The wave dataset spans the period 1995-2023, offering a 28-year time series suitable for
long-term climatological assessment. The grid point closest to the Imperia shoreline
(approximately 43.8°N, 8.1°E) was extracted to represent local offshore conditions. The data
were processed using Python/QGIS tools to categorize wave heights and directions, and
subsequently used to generate a wave rose diagram, following standard coastal analysis
procedures. The wave rose summarizes the relative frequency of waves by directional sector
and height class, allowing the identification of dominant incoming wave directions and
prevailing energy patterns. This approach is commonly applied in coastal engineering and
vulnerability assessments because directional wave statistics strongly influence erosion

patterns, sediment transport, and the design of protection structures [53], [68].

The resulting wave climate dataset forms a key input for understanding exposure to marine
forcing, informing subsequent analyses of coastal flooding, erosion susceptibility, and

hazard-prone sectors along the Imperia coastline.

3-5-1-3. Seasonal Storm Behaviour (Winter, Spring, Autumn)

To analyze how storm activity varies throughout the year along the Imperia coastline,
seasonal storm events were identified using long-term offshore wave data from the
Copernicus Marine Service. Storms were detected automatically by applying a wave-height
threshold of significant wave height (Hs) > 3.5 m, a threshold commonly used in coastal
storm identification to isolate high-energy events capable of producing substantial impacts

[77], [78].

The storm detection algorithm scanned the full 1995-2023 dataset and grouped consecutive
time steps exceeding the threshold into individual storm events. For the purposes of seasonal
characterization, one representative storm was selected from each of the three more energetic

seasons winter, spring, and autumn. Each selected event had a duration of approximately 36
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hours, allowing the full evolution of the storm to be captured, including the buildup, peak

intensity, and dissipation phases.

No storms exceeded the 3.5 m threshold during the summer months, consistent with the
known climatology of the Ligurian Sea, where summer is typically characterized by low-

energy wave conditions and limited storm activity [55], [79].

These seasonally representative storms form an important part of the methodological
framework, helping to characterize storm timing, intensity, and recurrence patterns that

influence coastal vulnerability and erosion potential in Imperia.

3-5-1-4. . Long-Term Wave Height Trend Analysis
To assess long-term variability in offshore wave conditions along the Imperia coastline, a
trend analysis of annual average significant wave height (SWH) was performed for the period
1995-2023. Significant wave height data (VHMO) were obtained from the Copernicus
Marine Service Mediterranean reanalysis dataset, which provides a consistent, high-

resolution time series suitable for climate-scale wave analysis [55].

Using the closest model grid point to Imperia (approximately 43.8°N, 8.1°E), daily SWH
values were extracted for the entire 28-year period. These values were then aggregated into
annual means to produce a long-term time series representing the offshore wave climate. This
approach is commonly used in coastal climatology to smooth short-term variability and

highlight interannual to decadal changes in wave energy [80], [54].

The processing workflow consisted of: 1) Importing Copernicus reanalysis data into
Python/QGIS. 2)Extracting the SWH wvariable (VHMO) for the selected coordinate.
3)Computing yearly averages using time aggregation functions. 4)Plotting the resulting

annual mean SWH series to visualize long-term variability.

Trend evaluation was qualitative and based on visual inspection of the time series, consistent
with standard practice in long-term wave climate studies where variability is often driven by
changes in storm frequency, wind regimes, and large-scale atmospheric circulation patterns
[54], [77]. Although the aim of this step was not to perform a statistical trend test, the long-

term annual SWH series provides essential background information for understanding how
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offshore wave energy influences coastal vulnerability, erosion potential, and exposure to

storm impacts.

3-5-1-5. Extreme Wave Analysis and Return Period Estimation
To evaluate the probability of rare but high-energy wave events affecting the Imperia
coastline, an extreme value analysis was performed using the Generalized Extreme Value
(GEV) distribution. This method is widely used in coastal engineering and oceanography to
model the statistical behavior of extreme sea states and to estimate return levels for coastal

hazard assessment [77], [81].

The input dataset consisted of the annual maximum significant wave height (VHMO) values
extracted from the Copernicus Mediterranean reanalysis time series (1995-2023). This
approach follows the Annual Maxima Series (AMS) methodology, in which the highest wave

event of each year is selected to form a series of extremes appropriate for GEV fitting [83].

The methodological procedure consisted of three main steps. First, daily significant wave
height (SWH, VHMO) values at the nearest offshore grid point to Imperia were aggregated to
identify the maximum annual wave height for each year. Second, the resulting annual
maximum series was fitted using the Generalized Extreme Value (GEV) distribution, which
estimates three key parameters location (p), scale (o), and shape (§) that define the statistical
behavior of extreme waves and their corresponding recurrence characteristics. Finally, the
derived GEV parameters were used to compute return levels for typical engineering design
periods, including 10-year, 30-year, and 50-year return periods, where each return level
represents the wave height expected to be exceeded, on average, once within the specified

timeframe.

This statistical approach provides a robust estimate of rare but potentially damaging wave
events and is widely applied in the design and evaluation of coastal defenses such as
seawalls, breakwaters, and harbor structures [81], [83]. Integrating return period analysis into
the methodological framework ensures that coastal vulnerability assessments consider not
only average wave conditions but also the extreme events that drive the most significant

coastal impacts.
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3-5-2. Sea Level Rise

Sea level rise was incorporated into the methodological framework to account for long-term
climatic forcing that can significantly increase coastal flooding and erosion risk. Projections
were derived from the IPCC Sixth Assessment Report (AR6) using the SSP3-7.0 scenario, a
high-emission pathway characterized by limited climate mitigation and strong global
warming trends [53]. This scenario was selected to represent a conservative, upper-bound

estimate appropriate for coastal risk assessment and adaptation planning.

Projected sea level values for the Ligurian Sea were accessed through the NASA Sea Level
Change portal, which provides downscaled IPCC scenario data based on satellite
observations and climate model ensembles [8]. The SSP3-7.0 projections indicate a potential
sea-level rise of approximately 70 cm or more by 2100, consistent with AR6 estimates for

high-emission pathways in Mediterranean regions.

In this study, sea-level rise was used as a contextual hazard layer rather than a direct CVI
indicator. The dataset informs the interpretation of coastal vulnerability by identifying
shoreline sectors that may become increasingly exposed to inundation and storm surge

amplification under future climate conditions [54].
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RESULTS

4-1. Vulnerability Assessment

Multiple indicators were defined and analyzed to generate the vulnerability map for the study

area.

4-1-1. Costal Vulnerability

4-1-1-1. Coastal slope and altimetry
The coastal morphology of Imperia reveals a clear contrast between low-lying flat zones and

steeper highland sectors, each displaying different levels of exposure to coastal hazards.

The flat coastal areas, concentrated around the main urban centres including Imperia city and
neighbouring municipalities such as Sanremo and Ventimiglia are characterized by slopes
generally below 10° and elevations under 5 m above sea level. These sectors are the most
vulnerable to coastal flooding and future sea-level rise due to their low altitude, proximity to
the shoreline, and high concentration of built-up areas. Their geomorphological
characteristics make them particularly susceptible to storm-driven inundation and long-term

submersion.

In contrast, the highland coastal areas consist mainly of rocky cliffs and the rising foothills of
the Ligurian Alps. These sections display steep slopes that ascend rapidly from the coastline,
reducing their exposure to direct marine flooding. However, despite being less vulnerable to
inundation, they remain sensitive to coastal erosion, especially at the cliff base where
continuous wave action accelerates retreat. Elevation and slope maps derived from the DEM
clearly differentiate these two coastal types. The flat, gently sloping coastal plains emerge as
the most at-risk zones, particularly where urban development and tourist infrastructure are
concentrated. These findings highlight the need for targeted adaptation and coastal
management strategies in the lower-lying sectors, where the combined effects of flooding,

erosion, and climate-driven sea-level rise are expected to be most pronounced.
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Figure 4-1. Slope map- Imperia. Source: QGIS

4-1-1-2. Geomorphology

The geomorphology of the Imperia coastline strongly influences how different sectors
respond to erosion, storms, and sea-level rise. Using official data from
geoportal.regione.liguria.it and supported by satellite imagery, the coastline was classified

into three main types: sandy coasts, rocky coasts, and artificial coasts.

Sandy coasts are mainly small beaches and pocket bays near urban areas. They are the most
vulnerable sections due to their loose sediments, low elevation, and strong exposure to wave
action and storm surges. Their importance for tourism also makes erosion a significant

economic concern.

Rocky coasts, which dominate the natural stretches of the shoreline, are more resistant to
erosion thanks to their harder geological structure and higher elevation. However, wave
undercutting can still cause localized cliff retreat or collapse, especially after strong storms or

where natural drainage has been altered.
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Artificial coasts occur in highly urbanized areas such as Imperia city, Sanremo, and
Ventimiglia. These sectors contain seawalls, breakwaters, and port structures that offer
protection but also disrupt natural sediment transport. As a result, they may increase erosion

on nearby natural beaches and require continuous maintenance.

Overall, sandy coasts show the highest vulnerability, while rocky and artificial coasts present
lower but still significant risks depending on local conditions. The geomorphology map (Fig.
3) clearly illustrates these patterns and highlights the need for tailored coastal management

strategies across different shoreline types.

v Il Artificial coast

v | | sandy coast

Figure 4-2. Geomorphology map — Imperia. Source: Google Map

4-1-1-3. Coastal Protection

Coastal protection along the Imperia shoreline reflects a mix of natural landforms and
engineered structures designed to reduce erosion, storm impacts, and flooding. Using data

from geoportal.regione.liguria.it together with visual interpretation of satellite imagery, three

main types of coastal protections were identified: hard engineering structures, soft

nourishment interventions, and natural defences.
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4-1-1-4. Hard Engineering Structures

In urbanised stretches such as Imperia city, Sanremo, and Ventimiglia, coastal protection
relies primarily on seawalls, breakwaters, and groynes. Seawalls safeguard roads, buildings,
and promenades, but they intensify local erosion by reflecting wave energy back onto the
beach. Offshore breakwaters reduce wave action and help maintain beach width, although
they also disrupt sediment transport and may trigger erosion on adjacent unprotected
shorelines. Groynes trap sand and stabilise pocket beaches, yet they interrupt longshore drift
and can lead to downdrift erosion. While these structures provide effective local protection,
they frequently create imbalances in sediment dynamics and therefore require ongoing

maintenance.

4-1-1-5. Soft Protection Measures

Some beaches in Imperia rely on periodic beach nourishment, where sand is artificially added
to counter ongoing erosion. Although nourishment temporarily improves beach conditions
especially in tourism areas, it is not a permanent solution and must be repeated frequently,

particularly where sediment supply has been reduced by ports or coastal urbanisation.

4-1-1-6. Natural Defences

In less developed areas, rocky cliffs and headlands provide natural protection by absorbing
wave energy and resisting flooding. Despite their resilience, these features are still subject to
long-term erosion, undercutting, and occasional cliff collapse after storms or heavy rainfall.

Human activity and vegetation removal can further weaken these natural barriers.

4-1-1-7. Influence of Ports

Port structures such as Porto Maurizio significantly affect sediment movement. By blocking
the natural flow of sand, they cause sediment accumulation inside harbour basins while
increasing erosion on nearby beaches. This makes port management a critical component of

coastal protection strategy.

The results show that Imperia’s coastline is safeguarded by a combination of engineered
structures and natural formations, but each carries limitation. Sandy urban beaches remain the

most vulnerable areas despite protection efforts, while rocky coasts and artificial structures
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offer greater stability but require ongoing monitoring and adaptation. As sea levels rise and
storms intensify, existing protections will become increasingly stressed, highlighting the need
for integrated coastal management that balances engineering, natural processes, and long-

term climate adaptation.

Figure 4-3. Geomorphology map — Imperia. Source: Google Map

4-1-2. Beach Width

The analysis confirms that natural coastal features such as beach width and vegetation play a
significant role in determining Imperia’s vulnerability. Narrow beaches, which are common
along the urbanized shoreline, offer limited protection and are highly susceptible to erosion
and storm-induced flooding. Wider beaches perform better as natural buffers but are only

present in a few sectors.
4-1-3. Width of vegetation

Coastal vegetation shows a similar pattern. Although effective at stabilizing sediments and
reducing wave energy, vegetated buffers in Imperia are generally narrow or absent due to
steep terrain and intensive development. As a result, many areas lack natural protection and

exhibit higher vulnerability. These findings reinforce that the loss or reduction of natural
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coastal buffers increases exposure, highlighting the need to integrate beach nourishment,
vegetation restoration, and nature-based solutions into future coastal management and

adaptation strategies
4-1-4. Population Density

Population density is used as an important indicator in assessing the vulnerability of the
Imperia municipality. The density map was produced by dividing the number of residents in
each ISTAT census block by the corresponding surface area (Fig.4-4). As illustrated in the
figure, Imperia is divided into several population density classes, reflecting the uneven

distribution of inhabitants across the municipality.
Social and Physical Vulnerability are evaluated using as input Census Data from ISTAT data.

Population Vuln= 0.5 * Social Vuln. + 0.2 * Physical Vuln. + 0.3 * Environmental vuln

Speexcininbity
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Figure 4-4. Population Density map — Imperia. Source: QGIS.
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4-1-5. Building Density

In the case of Imperia, the building density map was produced following the same approach
used for population density. Here, the count of residential buildings in each census block
replaced the number of inhabitants (Fig4-5). The computed densities were then categorized
and visualized with different colours, highlighting how building concentration varies across

the municipality.
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Figure 4-5. Building Density map — Imperia. Source: QGIS.

4-1-6. Social Vulnerability

In Imperia, social vulnerability describes how specific population groups may have a reduced
ability to respond to or recover from hazardous events. As seen globally, climate change tends
to impact vulnerable communities more severely than others. The information needed to

assess these social conditions was collected from ISTAT datasets.
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Social Vulnerability= 0. 5 * Population Density + 0.4 * Percentage of specific Categories at
risk + 0.1 * Percentage of females

INDICATORS:

* Population Density = Total of Residents /Area of the Census Block

* Percentage of specific Categories at risk = (Residents < 5 years + Residents > 65 y) /

Total of Residents

* Percentage of females = Residents Female / Total of Residents

Figure 4-6. : Social Vulnerability map — Imperia. Source: QGIS.

4-1-7. Physical vulnerability

Physical Vuln. = 0.4 * Buildings Density + 0.6 * Number of Floors

INDICATORS: Buildings Density = Total of Residential Buildings (RB) /Area Census
Block, Number of Floors = (RB 1 floor+ RB 2 floors*0.5+ RB 3 floors*0.3 + RB >4
floors*0.1) /(TOT RB)
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Figure 4-7. Physical Vulnerability map — Imperia. Source: QGIS.

4-1-8. Environmental Vulnerability

The environmental dimension is estimated to be considered as a unique indicator of the Land
Cover. The CORINE Land Cover 2018 will be used as INPUT. Re-classification of land

cover classes in macro-classes with the same vulnerability: Artificial surface a very high level

of vulnerability (0.9) due to concentration of people or anthropic/economic interests

Agricultural Areas a Medium level of vulnerability (0.5) because areas of economic interest

All the rest (Forest and semi natural area, Wetlands Water bodies) a very low level of

vulnerability (0.1) due to the absence of people or anthropic/economic interests.

48



= r ¥ 7 imperia-vulnerability

v Verylow
v D Low
v . Average
[l
o 1 2 km
v VeryHi
[ — W

Figure 4-8. Environmental Vulnerability map - Imperia. Source: QGIS.

4-1-9. Communication Vulnerability

This layer illustrates how easily different parts of the Imperia area can remain connected
during a natural disaster such as a flood or landslide. The analysis focused on the availability
and quality of transportation networks, particularly roads and railways, which are essential
for evacuation, rescue operations, and the delivery of emergency aid. The assessment
considered railways as major coastal transport corridors, highways as fast and wide routes
supporting regional mobility, and local roads that extend into hilly and inland sectors. By
integrating these datasets on the map, it becomes possible to identify areas with strong
communication accessibility and those that are more isolated. Coastal zones and urban
centres such as Imperia and San Lorenzo exhibit low communication vulnerability due to
their access to multiple transport routes, whereas inland mountainous regions, with fewer and

smaller roads, are more likely to become isolated during emergencies, increasing their overall
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vulnerability. This information is crucial because timely access can significantly influence
emergency response effectiveness; areas that are difficult to reach pose greater challenges for
delivering assistance. The resulting map therefore highlights where improved planning or

enhanced transport infrastructure may be necessary to reduce risk.

Valloria

- highway
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e —— . - v
v - locairoad
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Figure 4-9. Communication ways map — Imperia. Source: geoportal.regioneliguria.it

4-1-10. cultural Vulnerability

The cultural vulnerability map illustrates how Imperia’s heritage sites may be affected by
coastal hazards such as sea-level rise, flooding, erosion, and extreme weather events. The
mapped points represent culturally significant locations, including historical landmarks,
religious buildings, museums, and other structures that contribute to the identity and heritage

of the municipality.

Assessing cultural vulnerability in Imperia involves three key dimensions:

Exposure, the likelihood that cultural sites are located in areas prone to flooding, erosion, or

other hazards.
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Sensitivity — the degree to which these sites could be damaged or lose their cultural value if
affected. Adaptive Capacity, the availability of measures, resources, and strategies to protect,

maintain, or restore these assets following hazardous events.

Understanding these factors is essential for safeguarding Imperia’s cultural heritage. The
resulting map supports planners and decision-makers in identifying at-risk sites, prioritizing
conservation efforts, and developing targeted protection strategies to ensure that these

irreplaceable cultural assets remain preserved for future generations.

Figure 4-10. Cultural heritage sites — Imperia. Source: Google Map.

4-1-11. Complex Vulnerability Map

To identify which parts of Imperia are most exposed to natural hazards, a Complex
Vulnerability Index (CVI) was developed using QGIS. The CVI integrates six key
vulnerability indicators coastal, social, physical, environmental, communication, and cultural,
each representing a different dimension of how the territory may be affected by future risk
scenarios. All six layers were standardized and linked to a common 500 x 500 m grid,

ensuring that every grid cell contains the complete set of vulnerability information.

A final vulnerability score was calculated for each grid cell by averaging the values from all

six indicators, using the following expression:
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(a+b+c+d+e+f)
V= c

where:

a = Coastal Vulnerability

b = Social Vulnerability

¢ = Physical Vulnerability

d = Environmental Vulnerability

e = Communication Ways Vulnerability

f = Cultural Vulnerability

The resulting values were normalized and ranged from 0O (very low vulnerability) to 1(very
high vulnerability). For clearer interpretation, the scores were reclassified into five
vulnerability classes, Very Low, Low, Moderate, High, and Very High following the
standardized classification system used throughout this study. A red-based graduated colour
scale was applied to visualize the map, where darker shades correspond to higher

vulnerability.

The Complex Vulnerability Map reveals that the most vulnerable areas are generally located
along the low-lying coastal zones, where dense urban development, high population
concentration, and the presence of culturally significant sites coincide. These sectors also
tend to have limited natural protection and higher exposure to sea-level rise, storm surge, and
flooding. Conversely, inland and mountainous areas exhibit lower vulnerability due to lower

building density, reduced population exposure, and the presence of natural vegetation.

This map serves as a comprehensive tool for risk management and planning. By integrating
six different vulnerability dimensions, it helps local authorities identify priority zones for
intervention, guide adaptation strategies, and support the protection of both human

communities and cultural heritage in Imperia.
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Figure 4-11. Complex Vulnerability map — Imperia. Source: QGIS

Table 4-1. vulnerability classification.

Vulnerability classes

Fig.5: Curtual Vulnerability map —Imperia. Source: QGIS.

4-1-12. Industrial Data

The map identifies the main olive oil factories in Imperia, shown with green markers on the
provincial land-use layer (Tavola 40). These factories occupy very different settings: one is
located in a designated industrial zone with good infrastructure and low hazard exposure,
another lies in a residential area close to flood-prone coastal land, and a third is situated in a

remote rural area outside any planned industrial zone. These positional differences strongly

Very Low =>(0and <0.2 1
Low =>(.2 and <04 2
Average =>(.4and < 0.6 3
High =>(.6 and < 0.8 4

influence each facility’s vulnerability and accessibility during emergencies.
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Although Imperia itself has no industries classified under the Seveso Directive, a nearby LPG
storage facility in Taggia represents a regional technological hazard. In the event of floods or
extreme weather, this site could pose secondary risks such as gas leaks or explosions,

highlighting the importance of considering interactions between natural hazards and

industrial infrastructures.
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Figure 4-12. Industrial data-source: GIS

4-1-13. Seismicity Data

Seismic risk is an important factor in assessing coastal vulnerability in Liguria, a region with
significant tectonic activity. To evaluate this aspect, official seismic zoning data from the

Regione Liguria Geoportal (D.G.R. 962/2018) were used. The classification divides the
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territory into four categories based on expected ground shaking: Zone 1: Very high seismic
risk, Zone 2: High seismic risk, Zone 3: Medium—low seismic risk, Zone 4: Low seismic risk

Following national guidelines from the Dipartimento della Protezione Civile, these zones are
defined using historical seismicity and projected peak ground acceleration (PGA).

After mapping the seismic zones in QGIS and overlaying the Imperia municipal boundary,
the analysis shows that Imperia lies entirely within Zone 2, indicating a high seismic hazard.
This means the municipality is potentially exposed to strong earthquakes and must comply

with stricter structural design and emergency planning standards.

Including this information in the vulnerability assessment provides an essential layer of
understanding, highlighting how seismic hazard intersects with population, infrastructure, and

coastal systems in the study area.

Figure 4-13. Seismic data-source: GIS
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4-2. HAZARD
4-2-1. Coastal Flood

Coastal flooding is a growing concern for coastal communities worldwide, particularly in
regions vulnerable to sea storms and rising sea levels. This phenomenon occurs when
seawater inundates normally dry land, often due to extreme weather events or long-term
environmental changes. The combination of storm surges, high tides, and sea level rise
significantly increases the frequency and severity of coastal flooding, leading to serious

environmental, economic, and social consequences.

A
Run up100

Figure 4-14. Coastal flood probability map (T100)- Imperia
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Figure 4-15. Coastal flood probability map (T50,) - Imperia

4-2-2. River flooding in Imperia

In Imperia, river flooding is primarily triggered by intense rainfall, river overflow, and
limited drainage capacity. The combination of steep hilly terrain and low-lying urban basins
makes certain sectors highly susceptible to rapid flash-flood events. With climate change
increasing the frequency of extreme weather, these flood risks are expected to intensify,

affecting both infrastructure and local communities.

The analysis of return periods illustrates the potential severity of flooding events: T50 events
(50-year floods) occur relatively frequently and tend to disrupt roads, residential areas, and
urban services. T200 events (200-year floods) are less common but produce more significant
impacts across a broader area. T500 events (500-year floods) are rare but represent

catastrophic scenarios with extensive damage.

While TS500 floods depict the worst-case situation, T50 floods are of greater immediate
concern because their more frequent occurrence gradually stresses infrastructure and affects

daily life. This understanding is essential for guiding drainage improvements, structural
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reinforcement, and emergency response planning aimed at reducing flood vulnerability across

Imperia.

Figure 4-16. River flood probability map (T50, T200, T500 )- Imperia

4-2-3. Wave Climate Analysis (1995-2023)

To assess the marine conditions influencing coastal vulnerability in Imperia, a wave rose
diagram was produced using long-term reanalysis data from the Copernicus Marine Service
covering the period 1995-2023. The analysis was based on significant wave height (VHMO)
and mean wave direction (VMDR) extracted from the nearest offshore grid point to Imperia
(43.8°N, 8.1°E).

The wave rose reveals that the dominant wave directions range from the southwest (SW) to
the south (S), indicating that Imperia is mainly exposed to waves arriving from the open
Mediterranean. These patterns reflect large-scale atmospheric systems and prevailing wind

regimes in the Ligurian Sea.

Most wave heights fall between 0.5-2.5 m, characteristic of a moderate-energy wave climate.

However, less frequent events exceeding 3.5 m are also observed, representing potential
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hazards during severe storms. These high-energy waves are particularly relevant for
understanding erosion processes and for designing resilient coastal infrastructure. Wave
activity from the north and east is minimal due to sheltering by the coastline and surrounding

topography.

Overall, the wave climate analysis shows a strong directional bias, with the highest exposure
occurring along the SW-S sectors of the shoreline. These insights are essential for identifying
erosion-prone areas, guiding coastal protection strategies, and planning for future impacts

linked to sea-level rise and changing storm patterns.

Wave Rose - Imperia (1995-2023)
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Figure 4-17. WaveRose model(1995-2023) - (43.8°N, 8.1°E).
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Wave Height Colour Legend

Table 4-2. Wave Height Colour Legend

| Colour ||Wave Height Range (Hs in meters)” Notes |
| Dark Blue” 0.0 - 0.5|| Very calm conditions|
I Blue“ 0.5 - 1.0“ Common in low-energy sea statesl
| Cyan Blue|| 1.0 - 1.5|| Moderate Waves|
I Aqua” 1.5 - 2.0“ Getting strongerl
| Light Green” 2.0 - 2.5|| Mild storm—level|
IYellow—GreenH 2.5 - 3.0“ Moderate storml
| Yellow” 3.0 - 3.5” Large wave conditions (stormy)|
| Orange” 35— 4.0|| Severe sea states|
| Red” 4.0 — 4.5|| Rare, high-intensity Waves|
| Dark Red” > 4.5||Extreme wave heights (very rare events)|

The wave rose analysis for Imperia (1995-2023) reveals that the most frequently occurring
waves fall within the 0.5-2.0 m height range, predominantly shown in shades of blue to aqua.
These represent calm to moderate sea states and are most commonly observed throughout the
year. In contrast, storm-like waves with heights exceeding 3.0 m (depicted in yellow to red
tones) are relatively rare and typically originate from specific sectors, most notably the

southwest (SW).

The plot highlights directional dominance and wave energy hotspots, with the SW sector
clearly exhibiting the highest frequency and intensity of waves. This directional concentration
is critical for understanding potential coastal hazards, such as erosion or storm surge impacts.
The colour gradient, combined with sector width, visually communicates both the
directionality and intensity of the wave climate, making it an effective tool for coastal risk

assessment.

4-2-4. Seasonal Storm Behaviour (Winter, Spring, Autumn)

Seasonal storm patterns along the Imperia coastline were examined by analysing three
representative events: a winter storm (21 February 2022), a spring storm (7 April 2022), and

an autumn storm (20 October 2023). These events were detected using an automatic threshold
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of Hs > 3.5 m, and each storm persisted for approximately 36 hours, covering the full
evolution from onset to peak and subsequent decay.

No summer storms exceeded the 3.5 m threshold, confirming the typically calm conditions of
the Ligurian Sea during this season. In contrast, the most energetic storm activity occurred in
autumn and winter, consistent with regional atmospheric patterns that generate stronger

winds and higher waves during these periods.

4-2-4-1. Winter Storm — February 21, 2022

The winter storm that occurred on February 21, 2022, showed a well-defined and
symmetrical structure, with wave heights steadily increasing to a peak of around 3.6 meters
before gradually decreasing. As seen in the time series plot, the rise in wave height began
during the early hours of February 21 and reached its maximum by 14:00, followed by a

smooth decline typical of a classic winter frontal system.

The wave rose for this event confirms that the wave energy was highly focused from the
south-southwest (SSW) direction. The tight directional spread and consistent energy suggest
a storm driven by stable and persistent wind forcing, which is a common feature of winter
weather patterns in the Ligurian Sea.,Although the peak wave height was slightly lower than
in other seasons, this storm stood out for its coherent shape and consistent directional
behaviour, making it a textbook example of how winter storms tend to develop in a more
organized and steady fashion compared to transitional seasons like spring or autumn.
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Figure 4-18. Wave height Winter Storm — February 21, 2022
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Figure 4-19. : WaveRose model Winter Storm — February 21, 2022 - (43.8°N, 8.1°E).

4-2-4-2. Autumn Storm — October20, 2023

The autumn storm that peaked on 20 October 2023 at 08:00 was one of the most energetic
events recorded along the Imperia coastline, with significant wave heights reaching 3.84 m.
The time series shows a steady overnight development beginning on 19 October, followed by
a clear intensification through the early morning hours until the storm reached its peak.
Unlike shorter, more concentrated storm events, wave heights during this storm remained
above 3 m for several hours, indicating a prolonged high-energy phase before gradually
declining. The corresponding wave rose confirms that the most powerful waves arrived from
the south, with the strongest energy (Hs > 3.5 m) tightly concentrated in this sector. This
directional pattern reflects the influence of strong southerly winds, which frequently generate
significant wave activity in the Ligurian Sea. What distinguishes this event is its broad energy
peak, contrasting with the sharper and shorter peak observed in the spring storm. The
extended duration of elevated waves increases the likelihood of cumulative coastal impacts,
including beach erosion, overtopping, and stress on vulnerable infrastructure. Overall, the
October 2023 storm reinforces the broader pattern identified in this analysis: the most
hazardous wave events affecting Imperia originate predominantly from the south, regardless
of season. Although not the highest wave recorded in the dataset, the storm’s duration and
energy make it a clear example of how autumn conditions can still produce damaging wave

activity capable of threatening the Imperia coastline.

62



Wave Height - Autumn Storm
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Figure 4-20. Wave height Autumn Storm — October20, 2023
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Figure 4-21. WaveRose model Autumn Storm — October20, 2023- (43.8°N, 8.1°E).

4-2-4-3. Spring Storm-April 7, 2022

The spring storm of 7 April 2022 was the most intense event recorded in this study, with
significant wave heights reaching 4.06 m at approximately 18:00. The time-series analysis
shows a rapid and sustained increase in wave height beginning early in the morning,
intensifying sharply throughout the day before reaching its peak. This steep rise is
characteristic of a strong storm front driven by synoptic-scale atmospheric conditions,
followed by a gradual decrease as the system weakened.

The wave rose diagram indicates that the storm was dominated by wave energy arriving from
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the south—southwest (SSW) sector. The consistency of this direction throughout the event,
combined with the storm’s high energy, suggests a well-organised meteorological system
with stable wind forcing. Overall, the spring storm represents the highest-energy event in the

seasonal analysis and highlights the significant role of southerly systems in shaping wave

conditions along the Imperia coastline.
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Figure 4-22. Wave height Spring Storm-April 7, 2022

Wave Rose - Spring Storm
(Peak: 2022-04-07 18:00)

Figure 4-23. WaveRose model Spring Storm-April 7, 2022- (43.8°N, 8.1°E).
4-2-4-4. Seasonal Storm Comparison

To understand how storm behaviour changes throughout the year along the Imperia coastline,

one strong storm was selected for each season winter, spring, and autumn using a significant
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wave height threshold of 3.5 m. Although all three storms lasted roughly 36 hours, they
behaved quite differently in terms of intensity, duration, and the direction of incoming waves.
Spring Storm (7 April 2022)

The spring event was the most powerful, with waves reaching 4.06 m. It developed quickly,
rising sharply to its peak within a short period. The wave rose shows a clear southerly
direction, typical of organised spring weather systems moving across the Ligurian Sea.
Autumn Storm (20 October 2023)

The autumn storm, while slightly weaker (peak 3.84 m), lasted longer. Waves stayed above 3
m for several hours, indicating a more persistent forcing. This kind of storm can have a
stronger impact on the coast simply because the waves act on the shoreline for a longer time.
Like the spring storm, it was driven mainly by southerly waves.

Winter Storm (21 February 2022)

The winter storm was the mildest, peaking at 3.61 m, with waves approaching from the
south-southwest. Even though its peak energy was lower, winter storms often combine with
heavy rainfall or storm surge, meaning their total impact can still be significant.

No summer storm exceeded the 3.5 m threshold, confirming that the Ligurian Sea is generally
calm during the warmer months. Even though all storms approached Imperia from the
southern sectors, each season produced a different storm “personality.” Spring storms rise
fast and hit hard, autumn storms last longer and maintain high energy, and winter storms may
be less intense but occur alongside other seasonal hazards. Understanding these differences

helps tailor coastal risk assessments to the specific challenges each season brings.

4-2-4-5. . Long-Term Trend of Annual Average Significant Wave Height
Along the Imperia Coastline (1995-2023)

The annual average significant wave height (SWH) along the Imperia coastline from 1995 to
2023 provides a clear long-term perspective on how the local wave climate has evolved over
nearly three decades. The graph shows noticeable interannual variability, with certain years
such as 1997, 2001, and 2010 exhibiting higher wave activity, where average SWH values
approached or exceeded 0.7 m. In contrast, years like 2022 and 2023 display much calmer sea
conditions, with annual averages falling below 0.6 m. Rather than indicating a steady increase
or decrease, the data reveal a fluctuating pattern typical of wave climates influenced by
variations in storm frequency, prevailing wind regimes, and large-scale atmospheric pressure

systems.
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This long-term variability is essential for understanding how energetic the sea has been in
different periods and how often the coastline may have been exposed to enhanced wave
forcing. In practical terms, the graph illustrates how “rough” or “calm” the sea was during
each year, offering valuable insight for assessing coastal vulnerability, exposure to storm
events, and the broader influence of climate variability on the Imperia coastline. These
findings form an important foundation for interpreting erosion potential, designing resilient

coastal infrastructure, and planning future adaptation measures.
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Figure 4-24. Annual Average Significant Wave Height, Imperia Coastline (1995-2023)

4-2-4-6. Return Period / Extreme Wave Analysis

To estimate the likelihood of rare but impactful wave events along the Imperia coastline, a
Generalized Extreme Value (GEV) distribution was applied to the series of annual maximum
significant wave heights (VHMO). This approach provides return levels, indicating the wave
height expected to be exceeded on average once every 10, 30, or 50 years.
The estimated return levels are:

10-year return period: ~4.90 m

30-year return period: ~4.92 m

50-year return period: ~4.93 m
The minimal difference between these values suggests that the most extreme waves in the
dataset are relatively stable and do not increase substantially with longer return periods.
Nevertheless, these heights remain significant and represent essential design thresholds for

coastal infrastructure. Such information is crucial when planning seawalls, harbours, and
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other protective structures that must withstand rare yet potentially damaging storm events.
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Figure 4-25. Extreme Wave Analysis, Imperia

Interpretation of Plot Markers

Marker Description Method of Calculation
Blue Represent the empirical return wave Based on the ranking of annual maximum wave
Circles heights derived directly from observed data. heights (non-parametric empirical method).

Computed using the percent-point function (PPF)
of the fitted GEV model for specified return
periods (e.g., 10, 30, 50 years).

Red Represent the theoretical return levels
Crosses estimated using the GEV distribution.

4-2-5. Sea Level Rise

In this study, sea level rise projections are based on the SSP3-7.0 scenario from the IPCC
Sixth Assessment Report (AR6), which represents a high-emissions pathway with limited
climate policy. This scenario was selected to reflect a conservative, worst-case perspective
for coastal risk assessment along the Imperia coastline, where sea levels could rise by

approximately 70 cm or more by the year 2100.
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To evaluate the potential impact of future sea level rise on the Imperia coastline, a spatial
simulation was conducted using elevation data. A sea level rise scenario of +0.7 meters by
2100 was adopted, in line with high-emission projections from the IPCC’s Sixth Assessment
Report (SSP3-7.0). Areas with ground elevation at or below this threshold were identified as
zones potentially subject to permanent inundation.

Based on a digital elevation model analysis, approximately 9.07 km? of the Imperia coastline
is projected to be submerged under a +0.7 m sea level rise scenario (SSP3-7.0) by the end of
the century. This area includes critical low-lying zones such as harbour districts, industrial

sites, and residential neighbourhoods.
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Figure 4-26. Sea level rise (extracting from DEM)
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5-1. Conclusion

This thesis presented a comprehensive assessment of coastal vulnerability in the Municipality
of Imperia, integrating physical, environmental, and socio-economic dimensions within a
unified, GIS-based evaluation framework. The study addressed a central challenge faced by
many Mediterranean coastal communities: increasing exposure to sea-level rise, intensified
storm events, progressive shoreline erosion, and the cumulative pressures of urban
development. By combining geomorphological indicators, wave climate analysis, sea-level
rise scenarios, DEM-based inundation modelling, and multi-criteria vulnerability scoring, the
research produced a spatially explicit understanding of where and why Imperia is most at
risk. The analysis revealed distinct patterns of vulnerability across the coastline. Low-lying
urbanized areas, especially those adjacent to highly developed waterfronts, demonstrated the
highest susceptibility to flooding under both present and future sea-level conditions. The
combination of limited natural buffers, artificial shoreline structures, and dense infrastructure
increased the sensitivity of these zones to storm surge and extreme wave events. Conversely,
sectors characterized by steeper coastal slopes or natural rocky outcrops exhibited relatively
lower vulnerability, confirming the protective influence of geomorphology in hazard
mitigation. A key contribution of this thesis is the use of multiple sea-level rise projections to
illustrate the progression of risk through time. Even moderate scenarios suggest a significant
inland migration of flood boundaries, underscoring the urgency for proactive planning and
adaptation strategies. The integration of socio-economic indicators further highlighted that
physical exposure alone does not fully determine vulnerability; areas with critical
infrastructure, transport corridors, and cultural or industrial assets face disproportionately
high potential impacts. From a practical perspective, the results offer valuable guidance for
coastal managers and municipal authorities. The vulnerability maps produced in this study
can support informed decision-making related to land-use planning, emergency preparedness,
and long-term adaptation policies. They also highlight priority areas where interventions such

as nature-based solutions, shoreline reinforcement, or strategic urban redesign would be most
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effective in reducing future risk. While the methodology proved effective, certain limitations
deserve acknowledgement. The spatial resolution of available datasets, assumptions in the
hydrodynamic modeling, and the absence of high-frequency wave—structure interaction
simulations introduce uncertainty into the precise delineation of hazard extents. Additionally,
socio-economic indicators may evolve over time, requiring periodic updates to maintain the
accuracy of the vulnerability index. Nonetheless, these limitations do not diminish the value

of the approach; instead, they point toward clear directions for future research.

Looking ahead, future studies could integrate dynamic coastal processes such as sediment
transport, shoreline evolution modelling, or coupled wave—surge numerical simulations to
refine hazard estimates. Incorporating updated SLR projections from the latest climate
scenarios (e.g., SSP pathways) and real-time observational data would further enhance
predictive accuracy. Moreover, expanding the analysis to include ecosystem services and
nature-based adaptation strategies could provide a more holistic perspective on sustainable

coastal resilience.

In conclusion, this thesis demonstrates that Imperia’s coastline faces substantial and evolving
risks driven by climate-induced sea-level rise and extreme marine events. By providing a
transparent, replicable, and decision-oriented vulnerability assessment, the study contributes
to ongoing regional efforts to safeguard coastal communities, support sustainable
development, and strengthen long-term resilience in the face of accelerating environmental

change.

5-2. General Discussion

This thesis highlighted the complexity of assessing coastal vulnerability in a region such as
Imperia, where natural processes intersect with dense human development and evolving
climatic pressures. By integrating geomorphological, hydrodynamic, and socio-economic
components, the study demonstrated that vulnerability is a multi-dimensional concept rather
than a simple measure of exposure. The results showed that areas with similar physical
characteristics can exhibit significantly different risk levels depending on their land use,
critical infrastructure, and social value. This confirms the importance of using
interdisciplinary approaches in coastal risk assessments, as recommended by contemporary

coastal management frameworks. One of the most significant findings is the strong spatial
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variability of vulnerability along the Imperia coastline. This variability reflects the interplay
between natural defenses such as rocky promontories and human modifications, including
ports, seawalls, and reclaimed land. While artificial structures may offer short-term
protection, the analysis suggests they can also increase long-term vulnerability by altering
sediment transport, reducing natural buffering capacity, and amplifying exposure to wave

energy under projected sea-level rise conditions.

The methodology employed in this study also proved effective in translating complex
environmental data into actionable information. The use of DEM-based inundation
modelling, combined with SLR scenarios and wave climate statistics, provided a clear
visualization of potential flood extents and their temporal evolution. These spatial outputs can
serve as a valuable decision-support tool for local authorities, especially when prioritizing
adaptation investments or revising land-use regulations. However, the discussion must also
acknowledge the uncertainties inherent to climate projections and hazard modelling. Sea-
level rise trajectories depend on global emission trends, and the frequency of extreme marine
events cannot be predicted with absolute precision. Additionally, the static nature of the
DEM-based inundation model does not account for dynamic coastal processes such as wave—
structure interactions or sediment movement. Despite these limitations, the study offers a
robust preliminary assessment and a replicable framework that can be updated as new data
becomes available. The general discussion reinforces that Imperia’s vulnerability is not fixed
but dynamic, influenced by both natural processes and human decisions. Effective coastal
management will require continuous monitoring, updated modelling efforts, and long-term

planning that considers both physical and socio-economic dimensions of risk.

5-3. Future Work

Future research should incorporate dynamic coastal processes by using hydrodynamic models
such as XBeach, SWAN, or Delft3D to simulate storm surge, wave run-up, and wave—
structure interactions more accurately. Higher-resolution elevation data, especially LIDAR or
photogrammetry, along with regularly updated land-use and infrastructure layers, would
significantly improve model precision. Incorporating sediment transport and shoreline
evolution modelling would help capture long-term changes driven by erosion, accretion, and
sea-level rise. Future studies should also integrate SSP-based sea-level rise projections to

provide more contemporary climate scenarios that reflect socio-economic trends. Because
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vulnerability evolves over time, dynamic socio-economic modelling and updated exposure
assessments are essential. Expanding the framework to include additional hazards—such as
pluvial flooding, riverine flooding, landslides, and seismic coastal impacts would offer a
more complete multi-hazard understanding. Finally, developing decision-support tools, such
as interactive GIS dashboards or online vulnerability platforms, would enhance the practical

usefulness of these assessments for local policymakers and emergency planners.

Glossary

Acceptable risk.

The level of potential loss that a society or community is willing to tolerate, considering its
social, economic, political, cultural, technical, and environmental conditions.
Anthropogenic activities

Human actions such as urbanization, land reclamation, and industrial development—that alter
natural processes and can increase exposure and vulnerability to hazards.

Biological hazard.

Any biological process or agent such as pathogens, toxins, or other harmful organic
substances that can cause illness, injury, death, environmental degradation, property loss, or
social and economic disruption.

Climate change.

According to the IPCC, climate change refers to long-term shifts in climatic conditions,
identifiable through statistical analysis of mean values or variability. These changes may
result from natural processes or persistent human influences such as greenhouse gas
emissions or land-use modification.

Coastal erosion

The gradual wearing away of coastlines due to wave action, currents, storm surges, or human
interventions that disturb sediment balance.

Coastal flood hazard

The likelihood and potential intensity of flooding along the coast caused by storm surges,
sea-level rise, wave overtopping, or extreme weather events.

Coastal vulnerability index (CVI)

A composite indicator that integrates physical, environmental, and socio-economic factors to
quantify how susceptible a coastal area is to hazards.

Digital Elevation Model (DEM).
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A digital representation of the Earth’s bare surface topography, showing ground elevations
without vegetation, buildings, or other structures.

Disaster.

A severe disruption affecting a community or society, causing widespread human, material,
economic, or environmental losses that exceed the local capacity to cope.

Disaster risk.

The potential for future disaster-related losses—such as impacts on lives, health, assets,
livelihoods, and services—within a defined period.

Disaster risk management.

The structured use of policies, administrative measures, and institutional capacities to reduce
hazards, enhance preparedness, and limit the impacts of disasters.

Disaster risk reduction.

An approach focused on identifying and managing the underlying drivers of disasters. It
includes reducing exposure, lowering vulnerability, and improving environmental and land-
use management.

Disaster risk reduction plan.

An official document that outlines goals, objectives, and actions designed to reduce disaster
risk within a specific organization, sector, or authority.

Early warning system.

A coordinated set of tools and capacities that generate and communicate timely warnings,
enabling at-risk individuals and communities to act in advance and minimize harm.
Emergency management.

The organization and coordination of resources and responsibilities to prepare for, respond to,
and support early recovery from emergency events.

Environmental degradation.

A decline in the environment’s ability to meet ecological and societal needs due to human
activities or natural processes.

Environmental impact assessment.

A planning tool used to evaluate the environmental consequences of a proposed project or
program, helping decision-makers reduce or mitigate adverse effects.

Exposure.

The people, properties, infrastructure, or systems located within hazard-prone zones and
therefore subject to potential harm.

Extensive risk.
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Risk that is distributed over wide areas and associated with frequent, low-to-moderate
intensity hazards that accumulate over time, leading to significant long-term impacts.

Flash flood.

A sudden, short-lived flooding event with a rapid peak discharge, typically occurring within
four to six hours after the triggering rainfall or cause.

Geological hazard.

A natural geological process such as earthquakes, landslides, or volcanic activity capable of
causing injuries, fatalities, property damage, or environmental and economic disruption.
Hard engineering strategies.

Coastal management techniques that rely on artificial, structural measures (e.g., seawalls), as
opposed to soft engineering, which uses natural processes.

Hazard.

Any dangerous event, process, substance, or condition that has the potential to cause human,
economic, environmental, or social harm.

Hydrometeorological hazard.

Atmospheric, hydrological, or ocean-related processes such as storms, floods, or waves that
may cause injuries, property damage, or socio-economic disruption.

Land-use planning.

A decision-making process in which authorities evaluate land-use options, balancing long-
term social, economic, and environmental objectives to guide permitted uses.

Mitigation.

Actions taken to reduce or limit the negative impacts of hazards before they occur—such as
strengthening infrastructure or implementing policies to prevent or minimize damage.
Natural hazard.

A harmful natural process or phenomenon that can cause death, injury, property loss,
economic disruption, or environmental damage.

Preparedness.

The development of skills, knowledge, and capacities that enable individuals, communities,
and institutions to anticipate and respond effectively to hazard events.

Prevention.

Measures aimed at completely avoiding the occurrence of adverse impacts from hazards.
Prospective disaster risk management.

Planning and actions that focus on preventing the creation of new risks or the intensification

of existing ones.

74



Public awareness.

The level of understanding within a community about disaster risks and the ways to reduce
exposure and vulnerability.

Recovery.

The process of restoring, and where possible improving, the living conditions, infrastructure,
and services of communities affected by disasters.

Representative Concentration Pathway (RCP).

A climate modeling framework representing different greenhouse gas concentration
trajectories used in [PCC assessments, illustrating possible future climate scenarios.
Resilience.

The capacity of a society, system, or community to withstand, adapt to, and recover quickly
from hazard impacts while maintaining its essential functions.

Response.

Immediate actions and emergency support provided during or just after a disaster to protect
lives and meet basic needs.

Risk.

The combined effect of the likelihood of a hazardous event and the severity of its negative
consequences.

Risk assessment.

A process used to evaluate hazards and analyze existing vulnerabilities to estimate the
potential impacts on people, property, and the environment.

Risk management.

A systematic strategy for handling uncertainty and minimizing potential damage or loss.
Risk transfer.

A financial approach that shifts the economic burden of certain risks from one party to
another, such as through insurance or compensation mechanisms.

Sea level rise.

The worldwide increase in ocean levels due to global warming, caused mainly by thermal
expansion of seawater and the melting of ice sheets and glaciers.

Shared Socioeconomic Pathways (SSPs).

Narratives and scenarios developed by the climate research community to describe different
global socioeconomic futures and their implications for climate mitigation and adaptation.

Significant wave height (Hs).
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The average height of the highest one-third waves in a wave record a measure closely
matching what trained observers perceive visually.

Socio-natural hazard.

A hazard arising from interactions between natural processes and degraded or overexploited
land or environmental resources, increasing the likelihood of events like floods or landslides.
Soft engineering.

Coastal management approaches that use natural processes and sustainable methods instead
of artificial structures.

Storm surge.

An abnormal rise in sea level generated by storm winds pushing seawater toward the coast,
measured above the predicted tidal level.

Sustainable development.

Development that satisfies present needs without compromising the ability of future
generations to meet their own.

Technological hazard.

A hazard resulting from industrial, technological, or human-made conditions such as
accidents or system failures that may cause harm to people, property, or the environment.
Vulnerability.

The conditions or characteristics that make a community, system, or asset more susceptible to

being harmed by a hazard.
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