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Abstract

Ongoing climate change is leading to increased vulnerability of coastal communities and
anthropogenic activities, exposing them to multiple hazards. Coastal areas are increasingly
prone to be affected by weather- and climate-related processes: erosion, flooding, slope
instability, and, on a longer-term, permanent inundation due to sea level rise. In this con-
text, studies aiming at defining potential multi-risk scenarios serve as an essential tool for
recognizing the most effective coastal management strategies and adaptation measures. In
this research, a multi-risk framework was applied to assess and map the level of coastal
risk along the north-west coast of the Island of Malta, central Mediterranean Sea. To this
aim, the exposure, vulnerability and susceptibility levels to different physical processes
(temporary and permanent inundation, shoreline erosion and rock fall) were estimated us-
ing an index-based approach. Then, the multi-risk assessment for the end-century period
(2100) was calculated and mapped by exploiting GIS tools. The results highlight that the
bays are the most critical zones in the investigated coastal sector. Under the worst-case
conditions in 2100, medium-risk zones account for approximately 23% of the investigated
area, while 6% falls under high-risk.

Keywords Climate change - Coastal risk - Sea level rise - Storm surge - Rock fall -
Erosion - Malta

1 Introduction

Since the late 20th century, climate change has increasingly affected both natural environ-
ments and human systems worldwide, as evidenced by accelerating warming trends and
the growing frequency of climate-related hazards. Climate change, and its related impacts,
became a formally recognized global environmental issue after the publication of the first
the Intergovernmental Panel on Climate Change Assessment Report (IPCC 1990) and the
signing of the UNFCCC in 1992.

As highlighted by the most updated data, weather patterns are changing, causing extreme
events (i.e., storm surges, torrential rain, heat waves, fires) to occur more frequently in dif-
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ferent parts of the world (IPCC 2023). Coastal areas are being exposed to multiple climate
change impacts such as increased flood frequency, saltwater intrusion, erosion, and, on a
longer term, sea-level rise (Nicholls and Hoozemans 1996; IPCC et al. 2007; Nicholls and
Cazenave 2010; Torresan et al. 2012; [IPCC 2013; Lyra et al. 2024; Schuerch et al. 2025).

In the First Assessment Report on Climate and Environmental Change in the Mediter-
ranean, it is highlighted that the Mediterranean region is warming 20% faster than the global
average. In the Mediterranean basin, the observed rates of climate change surpass the world-
wide trends for most of the accounted variables (Cramer et al. 2018). In the past years, a
temperature increase has been observed in the surface of the upper layer of the Mediterra-
nean Sea by approximately 0.5° (Todaro et al. 2022). Over the last two decades, sea levels
have risen at a rate of approximately 3 cm per decade in the Mediterranean region (Cramer
et al. 2018). Considering the fact that the effects of climate change are expected to be stron-
ger there than in other areas of the world, the Mediterranean can be considered a “hotspot”
of climate change (Giorgi 2006; Giorgi and Lionello 2008; Lionello and Scarascia 2018;
Sarkar et al. 2022; Vandelli et al. 2023; Rossi et al. 2025a).

A wide number of studies have assessed the vulnerability of the Mediterranean in light of
direct and indirect climate-related impacts along the coast (Khouakhi et al. 2013; Frihy and
El-Sayed 2013; Tarragoni et al. 2014; Aucelli et al. 2018; Rizzo et al. 2022). Many of these
studies have focused on potential permanent inundation due to sea level rise (SLR) and
related impacts on coastal landscapes and local economies. In this context, several works
have provided assessments based on future sea level projections coupled with tectonic and
glacio- hydro-isostatic contributions to refine estimate of relative sea-level change (Lam-
beck et al. 2011; Pappone et al. 2012; Antonioli et al. 2017; Marsico et al. 2017; Perini et
al. 2017; Anzidei et al. 2018; Scardino 2020). Other works have further examined the local
contribution of vertical land movements by quantifying displacement rates from satellite
data (Anzidei et al. 2017, 2021; Aucelli et al. 2017; Di Paola et al. 2021; Scardino et al.
2022) and Global Navigation Satellite System (GNSS) stations (Anzidei et al. 2020). Col-
lectively, these studies hint towards the risk of anthropic and natural assets, as well as cul-
tural heritage sites, being impacted by coastal processes associated with sea level rise and
related impacts.

As mentioned above, rising sea level is also expected to exacerbate coastal erosion, par-
ticularly along sandy shorelines and mobile coastal systems. Sedimentary coasts, which
include sandy beaches, dune systems and wetlands, constitute 46% of the Mediterranean
coast (Brochier and Ramieri 2001). Several studies have been carried out to assess coastal
vulnerability to erosion (Jiménez et al. 2017; Monioudi et al. 2017; Enriquez et al. 2019),
indicating that the Mediterranean shores are prone to increased retreat (Brochier and Ram-
ieri 2001; Velegrakis et al. 2023). Such process affects the natural ecosystems, anthropic
structures, and local economies, especially the tourism sector, which is often the main eco-
nomic activity in Mediterranean coastal areas and islands (Mejjad et al. 2022). In addition,
numerous studies related to storm surge impact along the Mediterranean coasts indicate that
this region is particularly prone to storm- induced temporary flooding (Amores et al. 2020;
Androulidakis et al. 2023; Scardino et al. 2022; Abouelnasr and Elselmy 2024).

Moreover, increased rainfall variability observed over the last 50 years in the Medi-
terranean—where precipitation is already subject to pronounced inter-annual fluctuations
(Longobardi and Boulariah 2022; Menna et al. 2022)—reflects a change in the magnitude
and frequency of precipitation events in this region.
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Therefore, based on the above assumptions, the Mediterranean coastal areas are increas-
ingly considered exposed to significant risks from a range of multiple climate-related pro-
cesses (Gallina et al. 2016, 2020; Prampolini et al. 2020). Coastal risk is usually evaluated
by means of index-based approaches and considering the spatial combination of (i) physical
susceptibility to accounted processes, (ii) exposure of natural and anthropic elements, and
(iii) vulnerability of exposed assets or communities (Rizzo et al. 2020, 2022; Pantusa et al.
2022; Manno et al. 2023; Batzakis et al. 2024). The index-based approach was exploited at
the European scale in the framework of the EUROSION Project in 2004 to assess coastal
exposure to marine-related processes, including flooding and erosion (Bruno et al. 2020).
Afterwards, several studies have been conducted in the Mediterranean countries by exploit-
ing this approach for coastal risk and vulnerability analysis, as highlighted in Rizzo et al.
(2025). Stakeholders in both public and private organizations are seeking spatially-explicit
information regarding coastal risks to climate change at the local scale. Furthermore, there
is a growing need for identifying the most vulnerable areas, as well as mapping the poten-
tial impacts on natural assets and critical infrastructures, and supporting the identification
of efficient adaptation measures (Christodoulou et al. 2019; De Vivo et al. 2022). In this
context, this paper provides a first attempt to assess multiple coastal risks along the north-
west coast of the island of Malta, in the central Mediterranean Sea. Due to its geographical,
geological and structural characteristics, the area is particularly prone to be affected by
multiple climate-related processes (Main et al. 2018). Nevertheless, to date, there are no
studies in the literature that comprehensively address coastal risk in this region. Therefore,
this article aims to provide a recognition of the ongoing and expected processes that could
affect the investigated coastal stretch in the near future. Based on the current distribution of
the exposed elements and taking into account two alternative climate scenarios, the multi-
risk assessment for the year 2100 is provided in the form of quantitative indicators and
qualitative spatial mapping.

2 Study area

Three main islands—Malta, Comino, and Gozo—together with a few smaller uninhabited
islets constitute the Maltese Islands (Schembri 2019; Rossi et al. 2024), which host remark-
able environmental and cultural values (Coratza et al. 2016; Possenelli et al. 2024). They are
located in the central Mediterranean Sea, approximately 90 km south of Sicily and 270 km
north-east of Tunisia (Fig. 1). Long-term tectonic and geomorphological processes, also due
to sea level changes related to climatic variations, have shaped the Maltese landscapes and
landforms through time (Micallef et al. 2013; Foglini et al. 2016; Soldati et al. 2018; Galea
2019; Gauci and Schembri 2019; Prampolini et al. 2019; Rossi et al. 2025b).

The Maltese Islands currently experience a Mediterranean temperate climate, with a
mean annual temperature of ca. 19.5 °C and an average annual precipitation of ca. 550 mm
(reference period 1991-2020; NSO 2022; Mifsud Scicluna and Galdies 2025). However,
rainfall is characterised by a high interannual variability with annual total ranging from a
minimum of 274.2 mm (1961) to a maximum of 900.6 mm (2003) during the period 1952—
2020 (NSO 2022). Although the overall rainfall regime has become drier, short-duration
extreme rainfall events still occur. The annual maximum daily rainfall has reached values
exceeding 100 mm in several years (reference period 1980-2005; Russo et al. 2022). More-
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Fig. 1 Geographic setting of the study area and location of the investigated sites along the north-west
coast of Malta. The satellite image is derived from ArcGIS Online World Imagery © Esri and its data
providers. Modified after Sarkar et al. (2024)

over, the frequency of heavy rainfall events and storms exhibit an upward trend, confirming
that the Maltese Islands are increasingly prone to weather extremes (Mayes 2001; NSO
2022; Russo et al. 2022).

The study area extends along the north-west coast of the island of Malta, bounded by the
Marfa Ridge to the north and the Great Fault to the south (Devoto et al. 2012; Soldati et al.
2019).

In particular, the study investigates the coastal stretch from Paradise Bay to Gnejna Bay,
including six major embayments (Fig. 1). This area is of high geomorphological, environ-
mental and socio-economic importance (Prampolini et al. 2017; Soldati et al. 2019). It hosts
several pocket beaches (Zammit Pace et al. 2019), a natural park encompassing rich geoher-
itage sites (Coratza et al. 2011; Cappadonia et al. 2018; Selmi et al. 2019), and numerous
recreational facilities, including an amusement park. Furthermore, this coastal zone hosts
Special Protection Areas included in the Natura 2000 network (Spiteri and Stevens 2019). In
this context, the investigated area concentrates a significant portion of natural assets, tourist
activities and infrastructures, which in turn have increased exposure and vulnerability to
climate-related hazards.

From a geological viewpoint, the investigated stretch of coast comprises a stratigraphic
sequence ranging from the age of late Oligocene to the late Miocene. Outcropping rocks
belong to a marine sedimentary succession consisting of five lithostratigraphic units includ-
ing limestones, clays and marls covered by thin superficial deposits (Pedley et al. 1978;
Scerri 2019). The stratigraphic succession, from the oldest to the youngest, includes the
Lower Coralline Limestone, Globigerina Limestone, Blue Clay, Greensand, and Upper
Coralline Limestone formations (cf. Fig. 2; Baldassini and Di Stefano 2017). The Upper
Coralline Limestone forms plateaus affected by a dense network of joints and characterized
by steep escarpments, which are continuously shaped by gravity-induced and degradation
processes. The underlying Blue Clay forms gentle slopes progressing towards the sea and

@ Springer



Natural Hazards (2026) 122:255 Page 50of 34 255

Upper Coralline
—3 Limestone

Ghajn Tuffieha
Legend

Fig. 2 Geological setting of the study area showing the main lithostratigraphic units. Greensand is not
depicted due to its limited outcrops, which make it unmappable at this scale. a Geological sketch map b
Qarraba Bay site. The red dashed line identifies the inland boundary of the study area

often hosting active or abandoned terraced cultivation fields. The Globigerina Limestone
only outcrops in the southern sector, near Gnejna Bay, and in the northern sector, near the
Marfa Ridge. There, it is exposed at the sea level and gives rise to shore platforms and cliffs.

The marked geomechanical contrast between the brittle Upper Coralline Limestone and
the underlying ductile Blue Clay favours the development of extensive lateral spreading. In
association with the latter, rock falls often affect the Upper Coralline Limestone. Detached
limestone boulders accumulate on the clayey slopes below and are displaced by earth flows/
slides in the form of block slides (cf. Mantovani et al. 2013; Mantovani et al. 2016; Devoto
et al. 2020). Geomorphological investigations suggest that marine erosion can enhance the
occurrence of mass movements, whereas accumulations of rock blocks at sea level can miti-
gate the impact of wave erosion and coastline retreat (Devoto et al. 2012).

The investigated stretch of coast presents various coastal geomorphotypes (Fig. 3) and
includes both natural and anthropogenic features of high geomorphological and socio-eco-
nomic relevance. All the embayments, except for Anchor Bay, host pocket sandy beaches,
being Golden Bay beach one of the largest of the Island. These pocket beaches constitute
key landscape features as well as ecological, and economic resources for an island largely
characterized by rocky coasts. Their potential degradation or loss, e.g., due to marine ero-
sion, can cause significant environmental damage and economic repercussions (Micallef et
al. 2018).

The investigated area is extensively used for tourism and recreational purposes, includ-
ing facilities and infrastructures some of which are located in proximity to unstable cliffs
susceptible to rock falls.

Traditional maritime structures are also present, such as the boathouses at Gnejna Bay,
which are located at or slightly above sea level, making them potentially exposed to storm
surges and coastal erosion.

Overall, the study area hosts specific sites that include numerous elements potentially
exposed to risk as a consequence of various coastal hazards such as erosion, slope instabil-
ity, flooding, and improper planning of anthropogenic interventions. The assets also include
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Fig. 3 Main geomorphological features and processes of the study area: a built-up coast at Cirkewwa
harbour and surroundings; b pocket beach at Paradise Bay; ¢ rock falls and block slides at Anchor Bay;
d cliff and pocket beach at Golden Bay; e gully erosion affecting clayey terrain at Qarraba Bay; f rock
spreading and block sliding at Il-Qarraba promontory; g sloping coast and pocket beach and h shore
platform at Gnejna Bay

remarkable ecological areas, coastal footpaths, trails that connect the cliffs to the beach,
cultural heritage, and local infrastructure.

3 Materials and methods

3.1 Procedure for risk assessment

In the context of climate change, since 2013, the [IPCC has adopted the definition of “risk”
as an outcome of the interaction between climate-related hazards, exposure, and vulner-
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ability of the anthropic or ecological systems potentially impacted by a particular physical
process.

Therefore, with respect to this definition, which was firstly proposed by the disaster risk
reduction community, the evaluation of exposed elements (E) and related vulnerability (V)
needs to be connected with hazard (H) informative layer. The latter is connected to the tem-
poral occurrence (return period) and spatial pattern distribution (potentially affected area)
of the potentially hazardous physical event. Nevertheless, for long-term processes such as
SLR, assessing frequency is challenging. Instead, assessing the susceptibility of the territory
to be affected by SLR is deemed more beneficial.

By combining exposure, vulnerability, and hazard/susceptibility into a multiplicative risk
formula, the spatial zonation of the area under investigation can be obtained.

The methodological steps proposed to assess the coastal multi-risk along the north-west
coast of Malta are elucidated in the following sub-sections and schematically summarized
in Fig. 4.

3.2 Phase 1: Coastal exposure (E) and vulnerability (V) assessment

According to the index-based approach, coastal exposure and vulnerability are evalu-
ated taking into account tailored indicators, whose spatial overlay provides an estimate of
their semi-quantitative value, classified in five classes ranging from “very low” to “very
high”. For this kind of analysis specific GIS tools were used to identify coastal assets and
to map the exposure and vulnerability levels of the investigated zones, as illustrated in
Sub-Sect. 3.2.1-3.2.3.

3.2.1 Definition of the landward limit of the coastal investigated area

The limits of the study area were identified by considering the RICE area (Radius of Influ-
ence of Coastal Erosion and Flooding) proposed in the framework of the EUROSION
project to identify coastal assets exposed to potential impacts of marine-related processes
(Salman et al. 2004). The RICE limit, normally set at a distance of 500 m inland or reaching
a maximum of 5 m a.s.l., was in this case extended up to 100 m from the cliff, thus includ-
ing the edge of the cliffs formed in the Upper Coralline Limestone, which are particularly

Phase 1 Phase 2 Phase 3

Coastal susceptibility/hazard
(H) assessment

Coastal exposure (E) and vulnerability
(V) assessment

Coastal multi-risk assessment

and vulnerability
I catol to exposu \ | Evaluation of susceptibility to
erosion Classification and mapping of
c - coastal risk-index
ronn 1 Evaluation of susceptibility to
rock fall

Fig.4 Framework for coastal multi-risk assessment adopted in this study

finiti £ d o Evaluation of susceptibility to SLR
De |nmutn|o thetla: vyard Itl.mltto; the Aggregation and overlay of data
coastal area to be investigate "
Evaluation of susceptibility to related to susce
storm surge
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prone to rock-fall process. The landward limit shown in Fig. 2 was simplified by using a red
coloured line to better represent the coastal sector under investigation.

3.2.2 Classification and ranking of physical indicators into exposure classes

In this stage, data for physical indicators defining anthropic and natural assets like land use,
transport network and utilities potentially exposed to coastal hazards were collected and
ranked following the approach proposed in Rizzo et al. (2020). The creation of a GIS layer
for each indicator aided in the identification of polygons that correspond to the spatial unit
to which a related exposure class is assigned. The exposure classes range from “very low
exposure” (Class 1) to “very high exposure” (Class 5). The layers were overlaid to calculate
the exposure values associated with each cell in the raster format. In Table 1, a detailed view
of the exposure classes assigned to each category is provided.

Land use data were gathered from CORINE Land Cover (2018) containing the spatial
classification of different land cover and land use categories. CORINE data were supple-
mented with more detailed information so as to include boat houses, beaches, dunes derived
from the interpretation of recent satellite images of the investigated area and corroborated

Table 1 Physical indicators and Very low Low Medium  High  Very
expert-based exposure classes as- high

signed to each category of assets.

Physical Class 1 Class 2 Class 3 Class 4 Class
Exposure classes range from L
« » indicators 5
very low exposure” (Class 1) to ) )
“very high exposure” (Class 5) Land Bare rock, Farmland, Industrial Beach- His-
Cover/ heath, Agricul- area, park, es, torical
Land Use  sparsely tural area,  grass- dunes and
vegetated  Land lands, ar-
area principally  residential chaeo-
occupied area, dis- logical
by agricul-  continu- sites,
ture, with  ous urban Enter-
significant  fabric tain-
areas of ment
natural (com-
vegetation, merce,
Sclero- fi-
phyllous nance,
vegetation busi-
ness,
recre-
ation-
al,
lei-
sure,
and
sport)

Transport  Absentor  Footway, Tertiary,  Sec- Pri-
degraded path, track, service, ondary mary

transport step, pedes- residen-  roads road
network trian road, tial, trunk
cycleway roads
Utilities Absence of Local Street 11kV  Feeder
utilities and small  lighting over-  pillar
utilities head
line
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by field surveys. An exposure class was assigned to each land use category on the basis
of expert-based judgments. In detail, the highest exposure class was assigned to zones
occupied by entertainment spots, historical buildings, and archaeological sites, while bare
grounds and sparsely vegetated areas were assigned to the lowest exposure class.

Open Street Map data downloaded from “Geofabrik™ (2024) were used to obtain the
local transport network. To account for a proper area of significance, a buffer distance of
5, 10, 15 and 20 m was built to each of the above-mentioned transport network polylines,
respectively, with the exception of “absent or degraded transport network”.

The spatial data regarding utilities were gathered from the Malta Inspire Geoportal. In
this case, a buffer distance of 5, 10, 15 and 20 m was built for local/small utilities, street
lighting, 11 Kv overhead line and feeder pillars, respectively, with the exception of “absence
of utilities”.

3.2.3 (lassification and ranking of tourism and environmental indicators into
vulnerability classes

The vulnerability analysis was performed based on the characterization of the six inves-
tigated bays by direct and indirect evaluation of the tourism and environmental setting,
taking into account the number of visitors attending these sites and the presence of natural
protected areas.

In detail, the tourism vulnerability is here defined as tourism pressure in the investigated
zones and is evaluated in terms of number of pictures and number of reviews posted on
Google. The number of natural protected sites prevailing in these areas gave an indication of
the environmental pressure. Former data were retrieved from Google Maps, user-generated
contents and the latter from Open Street Map.

Specifically, the total number of pictures uploaded, the total number of reviews posted
for each site, and the natural protected areas were selected as indicators for the overall vul-
nerability analysis. These data were normalised, combined into a single vulnerability score
and then classified based on the geometric mean of the values attributed to each indicator.
Five classes from “very low vulnerability” (Class 1) to “very high vulnerability” (Class 5)
were defined by means of an equal interval classification method.

3.3 Phase 2: Coastal susceptibility/hazard (H) assessment

In order to assess the expected coastal multi-risk scenarios, the susceptibility to different
marine- and climate-related processes (i.e., permanent and temporary inundation, erosion,
rock fall) was evaluated. Each susceptibility analysis allowed the zonation of the investi-
gated areas in five susceptibility classes, ranging from “very low susceptibility” (Class S1)
to “very high susceptibility” (Class S5).

Specific GIS-based raster analysis tools were used for the susceptibility assessment and
mapping. High-resolution topographic data consisting of LiDAR-derived Digital Terrain
Model with 1 m resolution (ERDF 156 Data 2013) were used for the assessment of suscep-
tibility to SLR, storm surge and rock fall. For assessing the susceptibility to erosion in the
last 20 years, orthophotos of the investigated zones were analysed.
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3.3.1 Evaluation of susceptibility to SLR

For the analysis of susceptibility to SLR, based on the topographic setting, the study area
was classified into five classes, ranging from “very low or almost zero susceptibility” (Class
S1), including areas with a topographic height in the range of >5 m a.s.l., to “very high
susceptibility” (Class S5), including areas with topographic height<0 m and therefore con-
sidered prone to permanent inundation due to SLR (cf. Rizzo et al. 2022 and Vandelli et al.
2023 for the area of Gozo; Table 2).

The study made use of the local projected sea level for the long-term period referring
to the year 2100 under two Shared Socioeconomic Pathways (SSP), namely SSP1-2.6 and
SSP5-8.5, corresponding respectively to the best- and worst-case scenario for future climate
conditions. The NASA Sea level projection tool (available at https://sealevel.nasa.gov/ipc
c-ar6-sea-level-projection-tool) was used for downloading the local sea level projections
referred to the baseline period 1995-2014 (IPCC 2023). Consequently, the local sea level
values used in the study are 0.47 m (likely range 0.26—0.71 m) for the best-case scenario
(SSP1-2.6) and 0.80 m (likely range 0.57—1.11 m) for the worst-case scenario (SSP5-8.5).

3.3.2 Evaluation of susceptibility to storm-surge

To assess the susceptibility to temporary increase in sea level, the study took advantage of
the Total Water Level (TWL) indicator available from the Copernicus platform Climate
Data Store (CDS). TWL indicator defines the water level including tide, surge level and
taking future sea level rise into account, for different return periods (2, 5, 10, 25, 50 and
100 years). The vertical reference level is mean sea level (MSL) over the 19862005 refer-
ence period and with a horizontal resolution of 0.1° (11.1 km) along the coastal sectors. In
this study, the long-term period (2071-2100) was considered, corresponding to the end-
of-century time frame adopted for sea level projections. Within this period, TWL values

Table2 Classes of susceptibility  gysceptibility Elevation Coastal system response
to SLR with their related eleva- class range (h)

tion ranges and corresponding

potential coastal system response Class S5 — h<0Om Areas expected to be below the
(modified after Di Paola ct al. very high. ' projected mean sea level and
susceptibility thus very prone to be perma-

2021) nently inundated.

Class S4 —high 0<h<0.5m Areas prone to frequent tem-

susceptibility porary inundation which can
lead to permanent morphologi-
cal changes due to erosion and
subsequent shoreline retreat.

Class S3 —medi- 0.5<h<Im Areas prone to temporary inun-

um susceptibility dation due to waves which can
lead to permanent morphologi-
cal changes due to erosion and
subsequent shoreline retreat.

Class S2—low 1<h<5m Areas prone to be temporarily in-

susceptibility undated only due to high energy
waves with consequent perma-
nent morphological changes.

Class S1 h>5m Areas with very low or null sus-
— very low ceptibility with respect to future
susceptibility permanent sea inundation.
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associated with the 10 and 100 years return period were used to represent both high and low
frequency events respectively (Table 3). Taking into account the high-resolution elevation
model, the study area was classified into five susceptibility classes, from “very low or no
susceptibility” (Class S1) to “very high susceptibility” (Class S5), as defined in Table 3.

3.3.3 Evaluation of susceptibility to erosion

Susceptibility to erosion was assessed by accounting for the medium-term shoreline evolu-
tion characterizing the pocket beaches in the investigated bays. Anchor Bay was excluded
from this assessment since this site lacks a well-developed beach. The shorelines were digi-
tized from orthophotographs provided by the Maltese Ministry of Public Works and Plan-
ning (research and planning unit) covering the period 2004—2023. The images, with a spatial
resolution of 0.15-0.25 m per pixel and a horizontal accuracy of approximately+0.5 m,
were georeferenced. Furthermore, the shoreline referred to 2023 was digitized from Google
Earth images downloaded in high quality (pixel density of 4800 % 3047) in order to improve
the temporal resolution. The download was done by setting an altitude of 613 m and ensur-
ing no image tilt. In total, six shorelines for each bay were digitalized.

The transition line between the beach sand and high-water level (wet-dry line) was cho-
sen as the proxy for the digitization of the shorelines for different years. Then, the digitized
shorelines were analysed in the Digital Shoreline Analysis System (DSAS), which is an
extension to ESRI ArcGIS©O (Thieler et al. 2009; Himmelstoss et al. 2024). This tool calcu-
lates the shoreline rate-of-change statistics starting from multiple historical shoreline posi-
tions. The analysis was performed by using transects drawn perpendicular to the baseline at
a constant distance of 5 m. The uncertainty related to the mapping of shorelines was consid-
ered independent, uncorrelated and random as indicated by Borzi et al. (2021).

Additionally, orthophotos capturing storm conditions were not used for photointerpre-
tation to prevent the influence of wave-induced runup that could compromise the analy-
sis. Moreover, given that the investigated bays are characterized by microtidal conditions
(Gauci et al. 2022 and references therein), tidal fluctuations are considered negligible and
does not significantly affect the accuracy of shoreline detection.

The Linear Regression Rate (LRR) was used in this study to compute the shoreline
change since it can use more than two shorelines. The resulting LRR values were classi-
fied into five susceptibility classes from “very low susceptibility” (Class S1), demarcated
by very high accretion zones, to “very high susceptibility” (Class S5), demarcated by very
high erosion zones (Oyedotun 2014; Darwish and Smith 2023), considering the LRR ranges
indicated in Table 4. Finally, the highest susceptibility value in each bay was depicted as
the erosion susceptibility level of the corresponding beach. In Table 4, the LRR values and

Table 3 Reference values used for the assessment of susceptibility to sea level rise and storm surges. Sea
level projections correspond to the year 2100 under SSP1-2.6 and SSP5-8.5 scenarios, relative to the 1995—
2014 baseline (IPCC 2023). Values in parentheses indicate the likely (17th—83rd percentile) range. Total
water levels refer to the time interval 2071-2100 for 10-year and 100-year return periods

Parameters Best-case scenario Worst-case scenario

Long-term sea level projection (2100) 0.47 m (0.26-0.71 m) 0.80 m (0.57—
—SSP1-2.6 1.11 m) — SSP5-8.5

Long-term total water level (2071-2100) 0.76 m — 10-year return period  0.86 m — 100-year

return period
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Table 4 Shoreline change trends Shoreline trend ~ LRR (m/yr)  Erosion susceptibility
estimated based on the linear

regression rate and related ero- Eros%on (high) <-1 Class S5 — v?ry high su?c.e]')tlblhty

sion susceptibility classes (cf. Erosion (low) —0.5to =1 Class S4 — high susceptibility

Luijendijk et al. 2018; Pantusa et~ Stable —0.5t00.5 Class S3 — medium susceptibility

al. 2022) Accretion (low)  0.5-1 Class S2 — low susceptibility
Accretion (high) >1 Class S1 — very low susceptibility

Table 5 Rock-fall susceptibil- Rock fall susceptibility Kinetic energy (kJ)

ity classification based on the o

o Class S1 — very low susceptibility 2711-60,972

kinetic energy range (cf. Sarkar

et al. 2024) Class S2 — low susceptibility 60,973-112,380
Class S3 — medium susceptibility 112,381-177,495
Class S4 — high susceptibility 177,496-266,601
Class S5 — very high susceptibility 266,602-439,671

the corresponding classification in terms of both shoreline trend (“erosion” and “accretion”)
and susceptibility levels are indicated.

3.3.4 Evaluation of susceptibility to rock falls

In order to identify rock-fall susceptibility zones, the Predictive Rockfall Tool—QPROTO
was applied (cf. Castelli et al. 2021) to the bays and surrounding areas, which were con-
sidered potentially more exposed to this process due to higher presence of tourists and
related facilities and infrastructures. A combination of geomorphological, structural and
topographic analyses supported by detailed field surveys was used in order to identify the
source areas considered for rock-fall simulations in QPROTO. In detail, potential rock-
fall detachment zones were delineated based on slope threshold (>45°) extracted from the
LiDAR-derived DEM (Castelli et al. 2021; Sarkar et al. 2024). Subsequently, these source
points were verified through field observations of persistent joints and lateral-spread frac-
tures within the Upper Coralline Limestone plateau edges. Additional parameters, including
block volume, block mass, detachment propensity, visibility distance, energy-line angle,
and lateral spreading angle and were included as input in the model (Sarkar et al. 2024).
Using QPROTO’s cone method, run-out propagation cones were generated. Then, the
resulting mean kinetic energy raster (kJ), incorporating the accounted variables within the
energy balance framework and reflecting the potential impact energy associated with rock-
fall intensity (Jaboyedoff et al. 2005; Scavia et al. 2020; Castelli et al. 2021), was classified
into five susceptibility classes using geometrical interval classification method, from “very
low susceptibility” (Class S1) to “very high susceptibility” (Class S5), as shown in Table 5.
The raster was smoothed (3 x3 kernel) and validated by comparison with field-observed
boulder deposits.

The resulting breakpoints indicated in Table 5 correspond to statistically consistent inter-
vals of kinetic energy, ensuring a balanced representation of low- and high-energy zones.
The rock-fall modelled invasion were validated qualitatively by comparison with observed
accumulation areas mapped during field surveys (Sarkar et al. 2024).
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3.4 Phase 3: Coastal multi-risk assessment

Once all the data regarding susceptibility, exposure, and vulnerability were gathered and
expressed in five classes, the final step of analysis includes combining and overlapping
these data to evaluate the risk level and to zone out the investigated area under different risk
classes. For the calculation of the multi-risk assessment, all the above-mentioned informa-
tive layers were combined by using the formula depicted by Eq. 1 (modified after Armaroli
and Duo 2018).

Coastal Risk Index = V(CSus * CExp * Cvuln) (D

where, " represents the number of indicators, Cg,, symbolizes the susceptibility value
related to SLR, storm surge, rock fall and erosion, Cg,, represents the exposure value related
to physically exposed elements (land use, transport, and utilities), and Cyy,, represents the
value of the coastal vulnerability related to tourism and environment.

Finally, the Coastal Risk Index is classified and mapped into four risk classes, ranging
from “low risk” (Class R1) to “very high risk” (Class R4) as shown in Table 6. Due to the
fact that susceptibility to permanent increase in sea level can be assessed based on projec-
tions related to two different climate scenarios (i.e., SSP1-2.6 and SSP5-8.5) and TWL is
associated with different return periods (i.e., 10 and 100 years), the final risk for the year
2100 is expressed as best- and worst-case conditions.

4 Results

The outcomes of the analyses carried out in this study are provided in form of maps that
display the exposure (land use, transport and utilities), vulnerability (tourism and environ-
mental), susceptibility (SLR, storm surge, erosion and rock falls), and risk levels estimated
for the north-west coast of Malta.

4.1 Outcome of coastal exposure and vulnerability assessment

The assessment of the physical exposure was conducted using the procedure described in
Sect. 3.2, which allowed for delimiting areas with varying exposure classes and calculat-
ing their extent. The resulting exposure maps are presented in Fig. 5, with corresponding
quantitative data summarised in Table 7. Overall, the results reflect a heterogeneous spatial
distribution of exposure levels across the study area, ranging from very low to very high.
Highly exposed areas were identified in the northern parts of Anchor Bay and Golden Bay.
These sectors are characterised by a high density of tourist and leisure facilities (e.g., hotel,
amusement park and other entertainment facilities) and infrastructures. The coastal sector
of Gnejna Bay shows localised areas of very high exposure associated with the presence of

Table 6 Coastal multi-risk Coastal multi-risk Class CRI range Risk level

classification Class R1 CRI<=1.5 Low risk
Class R2 1.5<CRI<=25 Medium risk
Class R3 2.5<CRI<=35 High risk
Class R4 CRI>3.5 Very high risk
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Fig.5 Exposure maps resulting from data overlay of the physical indicators (land use, transport and utili-
ties). a Paradise Bay, b Anchor Bay, ¢ Golden Bay, d Qarraba Bay, e Ghajn Tufficha Bay, and f Gnejna

Bay

Table 7 Results of the exposure
assessment showing the areal
extent and percentage of each
exposure level class derived
from the overlay and aggrega-
tion of the physical indicators
(land use, transport network, and
utilities)
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Exposure level Surface (km?) Surface (%)
Very low exposure 1.57 42.94
Low exposure 1.76 47.97
Medium exposure 0.16 4.40
High exposure 0.08 2.23
Very high exposure 0.09 2.46
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boat houses and small coastal structures. This pattern indicates that anthropogenic pressure
and built-up land cover are the main determinants of high exposure in the investigated area.

Low level of exposure characterised the less anthropised coastal sectors surrounding
Paradise Bay, Ghajn Tuffieha Bay, and Qarraba Bay, which mainly host agricultural land
and natural sclerophyllous vegetation. However, a medium exposure level prevails in some
patches where the trails and footways connecting the beaches to the cliffs are located. The
inner sectors of the study area present very low exposure, being dominated by bare rock
outcrops and minimal human presence.

Selected indicators, reflecting both tourism and environmental characteristics of the
investigated area, allowed for a detailed assessment of vulnerability in line with established
frameworks (Maanan et al. 2018; Scott et al. 2019).

The numerical values assigned to each of the tourism and environmental vulnerability
indicators are summarised in Table 8. The aggregation of these indicators resulted in the
identification of distinct tourism and environmental vulnerability levels for the investigated
sites (Fig. 6). Ghajn Tuffieha Bay and Golden Bay exhibit very high vulnerability, followed
by Paradise Bay with high vulnerability. These results reflect the prominent tourist voca-
tion of these sites, evidenced by the high number of online photographs and reviews, as
well as their environmental importance linked to the presence of natural protected areas.
The remaining sites display medium to very low tourism and environmental vulnerability,
mainly due to their reduced accessibility and limited tourist facilities, which in turn con-
strain tourist pressure. In these areas, the presence of only one natural protected site further
contributes to lower the overall vulnerability.

4.2 Outcomes of the coastal susceptibility assessment

The susceptibility analysis for local permanent SLR in 2100 under two different climate
scenarios allowed to classify the area under investigation into five susceptibility classes, as
shown in Table 9; Fig. 7. For what concern the susceptibility analysis due to TWL increases,
quantitative results for the 10 and 100 years return periods are reported in Table 10 and
mapped in Fig. 8 (elaborated by considering the end-century 100 years return period).

The outcomes of susceptibility assessment (inundation and storm surge) depict that most
of the investigated sites are safe zones (Class S1) since these areas have an elevation above
5 m a.s.l. Only approximately 1% of the investigated territory falls under the high suscep-
tibility class (Class S4) mainly corresponding to low-lying coastal sectors below 1 m a.s.1.

Table 8 Results of the assessment of tourism and environmental vulnerability, based on the quantitative
indicators derived from Google data and the number of natural protected areas

Sites No. of reviews ~ No. of pictures No. of natural ~ Tourism Environ-
from Google from Google  protected sites  vulnerability mental

vulner-
ability

Paradise Bay 63,138 3 1 3 1

Anchor Bay 28,196 5 1 2 1

Golden Bay 409 40 2 3 3

Qarraba Bay 176 2 1 1 1

Ghajn Tufficha 2468 4 3 1 5

Bay

Gnejna Bay 15 1 1 1 1
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Fig. 6 Tourism and environmental vulnerability maps resulting from data overlay of the tourism and
environmental indicators. a Paradise Bay, b Anchor Bay, ¢ Golden Bay, d Qarraba Bay, e Ghajn Tufficha
Bay, and f Gnejna Bay

Despite their limited spatial extent, these highly susceptible areas are located in correspon-
dence of the main bays, which represent key sites of economic, touristic and environmental
value, and should therefore be given greater attention. With respect to the extent of areas
potentially affected by permanent submersion due to SLR, the affected surface is projected
to increase by approximately 25%, from 0.004426 km? under the most favourable climate
scenario to 0.005554 km? under the most adverse climate scenario. Conversely, the areas
exhibiting high and very high susceptibility to the expected TWL remain largely unchanged
when comparing the 10- and 100-year return periods, with only a 16% increase observed
for class S5.
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Table 9 Spatial extension Susceptibility (SLR) SSP1-2.6 SSP5-8.5
(expressed as km*~ and %) of the

areas falling in the inundation Are% érea Are‘; ltrea
susceptibility classes S1-S5 due (k') (%) (km’) (%)
to SLR for different local sea Class S1 — very low 3.083065 84.24 3.083013 84.21
level projections in 2100 under susceptibility
the best-case (SSP1-2.6) and Class S2 — low susceptibility  0.230222 629 0.230239  6.29
worst-case scenarios (SSP5-8.5)  Class 83 — medium 0304359  8.32 0.304361 831
susceptibility
Class S4 — high susceptibility 0.037928  1.04 0.037833  1.03
Class S5 — very high 0.004426  0.12 0.005554  0.15
susceptibility

Fig. 7 Inundation susceptibility (Classes S1-S5) of bay areas due to SLR. Mapping is based on the local
projection in 2100 under the worst-case climate scenario (SSP5-8.5). a Paradise Bay, b Anchor Bay, ¢
Golden Bay, d Qarraba Bay, e Ghajn Tufficha Bay, and f Gnejna Bay

@ Springer



255 Page 18 of 34 Natural Hazards (2026) 122:255

Table 10 Spatial gxteniion Susceptibility (TWLSLR) 10 years return 100 years return
(exprefssl;:.d as km*” and ﬁ)l pf the period period
areas falling in susceptibility
classes S1-S5 due to TWL with 8:;12) g/ﬁ)}a 3:;;) ?:/re)a
a 10 and 100 years return period 2 -
in 2100 Class S1 — very low 3.42103  93.47 3.435043 93.85
susceptibility
Class S2 — low susceptibility 0.118194  3.23 0.101469  2.77
Class S3 — medium 0.062507  1.71 0.062507 1.71
susceptibility
Class S4 — high 0.048222  1.32 0.049307 135
susceptibility
Class S5 — very high 0.010047  0.27 0.011674  0.32
susceptibility

The outputs obtained from the analysis of SLR susceptibility under the best-case sce-
nario (SSP1-2.6) and for shorter return periods (i.e., 10 years) have not been presented as
figures of the paper for graphical reasons and to ensure a concise presentation of the results.

The results of shoreline change obtained using the DSAS tool showed that the pocket
beaches in the bays along the north-west coast of Malta are currently characterised by an
overall stability (Fig. 9). Localised and intermittent erosion occurs in certain sectors, reflect-
ing the complex geological and geomorphological setting of the area. The shoreline clas-
sifications for each investigated bay based on the LRR results and on the corresponding
susceptibility levels are depicted in Figs. 9 and 10, respectively. Although Ghajn Tufficha
Bay depicts a predominant medium level of erosion (Fig. 9b), it falls under susceptibility
Class 4 (Fig. 10b) since the highest value in this bay is 4 (high susceptibility). This classi-
fication is further supported by Farrugia (2008), whose analysis on shoreline changes from
1939 to 1993 confirmed that Ghajn Tufficha Bay is highly susceptible to erosion.

The results of rock-fall runout susceptibility highlight that Gnejna Bay includes the
maximum percentage area under high runout probability level (29.3%) followed by Anchor
Bay (27.9%) and Golden Bay (27.5%), as shown in Fig. 11. The spatial pattern of rock-fall
susceptibility is mainly influenced by the geomorphological and structural setting of the
investigated area. In particular, the presence of numerous persistent discontinuities within
the Upper Coralline Limestone plateaus which are bordered by highly-jointed sub-vertical
cliffs favour extensive rock-mass fragmentation and potential block detachments (Devoto et
al. 2020). Beneath the plateaus, Blue Clay steep slopes enhance downslope propagation. A
considerable part of I1-Qarraba caprock, overlooking the Qarraba Bay, falls under medium
to high probability, consistent with the geomorphological and structural setting depicted
above. Such areas are more prone to failures as a consequence of extreme precipitation and
increased storm-surge frequency in the Maltese Islands. The spatial distribution of runout
zones aligns well with field evidence and recorded events, including, for instance, the rock
falls affecting the I1-Qarraba caprock on 26th November 2011 and northern cliff of Anchor
Bay event on 9th February 2023 during a violent storm.

The inner parts of the bays represent medium to low rock-fall runout probability zones,
being located farther away from the rock-fall source areas.
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Fig. 8 Inundation susceptibility (Classes S1-S5) of bay areas due to storm surge. Mapping is based on
the TWL end-century data with 100 years return period. a Paradise Bay, b Anchor Bay, ¢ Golden Bay, d
Qarraba Bay, e Ghajn Tuffieha Bay, and f Gnejna Bay

4.3 Outcome of coastal multi-risk assessment

The combination of coastal exposure, vulnerability and susceptibility to SLR, storm surge,
erosion and rock fall allowed the estimation and mapping of multi-risk levels for the inves-
tigated coastal sector. Specifically, the multi-risk analysis was performed for the long-term
period by considering SLR projections in 2100 under two climate scenarios and TWL for
both 10 and 100 years return period. Quantitative results relative to best- and worst-case
conditions are shown in Fig. 12; Table 11.

The total extent of the area with high and very high risk shows an increase higher than
145%, passing from 0.095405 km? (under the best condition) to 0.23542 km? (under the
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High accretion Low accretion Stable Low erosion High erosion

Fig. 9 Maps showing shoreline change over the period 2004-2023 based on the Linear Regression Rates
and shoreline classification reported in Table 4. a Paradise Bay, b Ghajn Tufficha Bay ¢ Golden Bay, d
Qarraba Bay, and e Gnejna Bay. The length of the coloured transects shown in “a—e” was set by using the
DSAS software and it does not represent the extent of the beach affected by erosion or accretion

worst condition). This means that, accounting for the current asset of natural and anthropic
exposed elements and under the best-case conditions, approximately 10% of the investi-
gated areas within 1 m a.s.l. can be considered at risk for the year 2100 (including classes
R3 and R4). This value increases up to 21% under the worst-case scenarios, with 3% of the
investigated area in Class R4 and 18% in Class R3.

In detail, the risk assessment process identified six hotspot areas (Paradise Bay, Anchor
Bay, Golden Bay, Ghajn Tufficha Bay, Qarraba Bay and Gnejna Bay), as shown in Fig. 12.
These locations are particularly prone to the coupled impacts of sea level rise, and its associ-
ated effects, and rock falls. Golden Bay, Ghajn Tuffieha Bay and Anchor Bay are character-
ised by high-risk level. This is due to (i) high exposure and vulnerability levels prevailing
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Fig. 10 Erosion susceptibility maps. a Paradise Bay, b Ghajn Tuffiecha Bay ¢ Golden Bay, d Qarraba Bay,
and e Gnejna Bay

along these bays influenced by the presence of beaches surrounded by tourism and enter-
tainment spots, (ii) more tourism pressure indicated by high number of photos and reviews
uploaded, and (iii) the presence of natural protected areas. Susceptibility levels due to SLR
along most parts of Anchor Bay are high, influencing the risk level of this area. Paradise Bay
shows a prevalent low to medium level of risk, influenced by low exposure along this area
due to the presence of sclerophyllous vegetation and rocky ground around the beach. The
medium susceptibility level due to erosion along the beach also influences the risk level of
this area. Furthermore, many stretches of Qarraba Bay show low risk levels since this zone
has very low tourism and environmental vulnerability levels. The low risk level along cer-
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Very low runout probability  Low runout probability  Medium runout probability  High runout probability  Very high runout probability

Testsite Verylow(m?) Surface(%) Llow(m?) Surface(%) Medium (m?) Surface(%)  High(m?)  Surface(%) Veryhigh(m?) Surface(%) Total runoutarea(m?)
Paradise Bay 6158 280 2538 115 4770 v 5615 255 812 133 21991
Anchor Bay 6163 188 5839 178 s 31 9142 219 3834 18 32801
Golden Bay 519% 191 4069 149 8244 302 7493 215 273 83 21213

Ghajn Tuffieha Bay 6024 265 3638 16.0 6441 23 5700 5.1 927 41 2,79
11-Qarraba promontory 2906 171 3554 209 457 25 4398 259 1887 11 17001
GnejnaBay 16,067 A 12,706 166 21,466 2 2,466 293 3954 5.1 76,657

Fig. 11 Rock-fall runout susceptibility zones and percentage of surface area under each zone for the
investigated sites (modified after Sarkar et al. 2024). a Paradise Bay, b Anchor Bay, ¢ Golden Bay, d Qar-
raba Bay, e Ghajn Tufficha Bay, and f Gnejna Bay

tain parts of Gnejna Bay is influenced by very low tourism and environmental vulnerability
levels prevailing along this stretch of coast.

5 Discussion

The results of the exposure, vulnerability and susceptibility analyses carried out in this study
highlight that the north-west coast of the island of Malta can be considered as significantly
prone to the impacts of multiple climate-related coastal hazards, such as SLR, storm surges,
erosion and rock fall. The latter is also favoured by the geomechanical properties of the rock
units outcropping in the investigated coastal sector.

As arises from the results obtained through the susceptibility analysis under two different
climate scenarios, the increase in areas characterized by very high susceptibility is lower
than 10%, passing from 1,44 to 1,5 m?, under the SSP1-2.6 and SSP5-8.5, respectively.
Similar results are also obtained from the analysis of the TWL increases associated with two
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Fig. 12 Multi-risk maps of the investigated sites based on the worst-case conditions (SLR SSP5-8.5 and
TWL with 100 years return period). a Paradise Bay, b Anchor Bay, ¢ Golden Bay, d Qarraba Bay, e Ghajn
Tuffieha Bay and f Gnejna Bay

different return periods, passing from 3.2 to 3.4 m?. As a consequence, also the increase in
the extent of the high and very high risk levels is quite limited (passing from 18 m? under
the best-case condition to 45 m? under the worst-case condition).

These results indicate that the differences in projected risk levels between the best- and
worst-case conditions estimated for the year 2100 are relatively minor, indicating low sen-
sitivity of the applied methodology to the scenarios’ variability. This outcome suggests that
the results are mainly driven by the spatial variability of the indicators used in the risk
assessment, which may limit the capability of the approach to capture the full range of
climate-related uncertainties. Future analyses could benefit from probabilistic modelling
approaches in order to enhance sensitivity and robustness in scenario-based risk assessment.

@ Springer



255 Page 24 of 34 Natural Hazards (2026) 122:255

Table 11 Spatial gxteniion Risk levels  Best-case condition (SLR Worst-case condition

(expressed as km” and %) of the SSP1-2.6+TWL 10 years  (SLR SSP5- 8.5+ TWL

areas with different multi-risk return period) 100 years return

level in 2100 under the best-case period)

(SLR rise for the SSP1-2.6 > S 5

and TWL with 10 years return Area (km’) Area (%) Area (k') ﬁ:/re):a

period) and worst-case scenarios 2

(SLR rise for the SSP5-8.5 and Low 2.64763 72.32 2.576636 70.40

TWL with 100 years return Medium 0.917965 25.07 0.847944 23.17

period) High 0.066489 1.82 0.206713 5.65
Very high 0.028916 0.79 0.028707 0.78

From the methodological point of view, the analyses carried out in this research are in
line with the most used indicator- and GIS-based approaches (Rizzo et al. 2025). According
to previous applications (Beccari 2016), the physical, tourism and environmental indicators
exploited for the evaluation of each parameter used for the risk assessment were equally
weighted, implying that each indicator had the same impact on the final risk evaluation. The
lack of a standardized or empirically justified weighting method could cause discrepancies
between studies, making cross-validation challenging. Based on the above assumptions, it
is clear that the application of the index-based approach for the multi-risk analysis should
be made considering its methodological limitations. These include the reliance on param-
eters evaluated based on expert judgement, which can introduce a degree of subjectivity,
and the mismatch in resolution between available datasets and site scale, which can affect
the spatial accuracy of the outputs, specifically in complex coastal settings with significant
local variations.

To ensure that the proposed methodological approach could be easily transferable to
other similar coastal sectors, the semi-quantitative analyses here proposed are based on the
assumption that data obtained from freely accessible web platforms can be reliably used to
quantify the parameters considered in the study.

For what concerns the evaluation of each parameter composing the risk, it is worth to
note that the estimation of coastal exposure of the assets prone to the expected impacts of
climate change provide a basis for usable science for managing coastal risks (Kopp et al.
2019).

The assessment of susceptibility to SLR and TWL is based on the exploitation of eleva-
tion data that are widely available and easy to obtain for many regions allowing faster, low-
cost analysis. Despite knowing the fact that sophisticated model-based methods are more
used in recent times for such analysis (Androulidakis et al. 2023; Mel et al. 2023; Kefi et al.
2024), this research made use of traditional elevation-based approach, providing a first level
of susceptibility assessment and highlighting the areas that require further detailed model-
ling analysis (Dasgupta et al. 2009; Santos et al. 2024).

It is important to underline that, even if the TWL can be regarded as an extreme-value
indicator providing a basis for research aimed at evaluating sea level fluctuation, coastal
flooding and coastal erosion at a large scale, its resolution in spatial variability could repre-
sent a criticality for site-specific sites. In fact, although Copernicus CDS provides consistent,
freely accessible and quality-controlled reanalysis data, TWL projections are characterized
by a horizontal resolution relatively coarse (approximately 11 km) for representing very
local scale coastal variability and localized storm-surge effects, which may limit the possi-
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bility of capturing the local storm-surge variability at the bay scale. Nevertheless, the overall
patterns of susceptibility remain representative for regional scale analysis.

The outcomes of susceptibility assessment to SLR and storm surge in the form of maps
and graphical representation align with the results of studies in the Mediterranean basin,
which face significant coastal implications from SLR and associated processes (as high-
lighted by recent studies, including Ferreira et al. 2018; Di Paola et al. 2021; Rizzo et al.
2022; Sarkar et al. 2022; Scardino et al. 2022; Thiéblemont et al. 2024).

The study’s approach for mapping erosion susceptibility is consistent with numerous
studies dealing with coastal susceptibility to erosion which are based on the exploitation of
index-based methods (cf. Rizzo et al. 2018; Tursi et al. 2023, 2025). In relation to statistics
used for erosion susceptibility, the Linear Regression Rate (LRR) tends to underestimate the
rate of change and is therefore vulnerable to the uncertainties mainly related to the detection
of instantaneous shoreline positions (Dolan et al. 1991), which could be affected by local
tide and wave setup. To mitigate these limitations, all the available shorelines from different
time periods were considered in the erosion susceptibility analysis, allowing for a more reli-
able medium-term assessment of shoreline evolution. In the investigated bays, this method
enabled a consistent evaluation of shoreline retreat over time, regardless of the varying
extents of the six pocket beaches, the widest of which does not exceed 82 m.

Regarding tidal values, the investigated coastal sites are subject to microtidal condi-
tions, with a tidal range not exceeding+0.30 m (Gauci et al. 2022 and references therein).
Furthermore, considering that in the Google Earth Pro User Guide the exact time of image
acquisition is not provided as metadata, it is not possible to determine the precise tidal stage
at the time each individual image was captured. Despite its limitations, the method contin-
ues to be widely used in both scientific and technical studies for assessing recent shoreline
displacements since it is based on simple computational statistical concepts.

The rock-fall susceptibility analysis was performed considering a systematic approach
as illustrated in Sarkar et al. (2024). This procedure involves processing of GIS-based topo-
graphic information in order to identify a set of rock-fall source points. The outputs of the
model were then validated by in-situ field surveys, showing that rock-fall invasion zones
observed in the field are largely comparable to those generated by the model.

The overall aim of this study was to develop a baseline assessment by integrating expo-
sure, susceptibility and vulnerability data, in order to provide stakeholders and planning
authorities with knowledge-based maps identifying the areas at risk. The findings of this
study are aligned with the outcomes of the work by Formosa (2015), where the entire Mal-
tese coast was studied with respect to fixed values of future sea levels. Also, in the latter
study, the tourism and recreational areas were included in the most exposed zones under all
the considered sea levels.

In this context, our study identifies different risk levels based on best- and worst-case
scenarios for the north-west coastal sectors of Malta, providing a means of comparison with
the sea levels considered for adaptation measures (50 cm in 2050 and 100 cm in 2100) by
Ministry for Rural Affairs and the Environment in 2004 as depicted in the Climate Change
Post (2024).

This study does not consider local factors like subsidence or uplift contributing to future
sea level variation. Such local factors are commonly taken into consideration in many
coastal sectors of the Mediterranean Sea (Tosi et al. 2002, 2016; Da Lio and Tosi 2018;
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Di Paola et al. 2021; Scardino et al. 2022). However, according to Serpelloni et al. (2007,
2013), there are no significant vertical tectonic movements affecting the Maltese Islands.

The method used in the study is cost-effective since all the required data are managed
and processed in a GIS environment, making results easily communicable and interpretable.
The display of outputs in the form of spatial mapping effectively communicates the risk in
local contexts and, through co-construction and validation with stakeholders, can support
the implementation of suitable measures for adaptation, resilience to climate change, and
sustainable development. This approach of climate risk assessment provides a strong con-
nection between local-level susceptibility and vulnerability analysis and national policy-
making. The applied method and achieved results in such terms are uncommon in Maltese
policy perspectives. This is because no type of strategy for adaptation or defence to sea level
rise has been planned to date.

The applied index-based approach suits well for the assessment of potential impacts of
climate-related risks (Reimann et al. 2018; Makris et al. 2023), allowing the preliminary
identification of coastal areas characterised by high risk and therefore requiring further con-
sideration. It provides a consistent framework for the estimation and spatial representation
of risk levels across regional and local scale. However, the lack of a standardized or empiri-
cally justified weighting method could cause discrepancies between studies, making cross-
validation challenging. Moreover, resolution mismatches between datasets and site scale
might affect the spatial accuracy of the output, specifically in varied coastal settings with
significant local variations. To fill the gap due to the lack of historical data on hazardous
events, a quantitative approach was used for the susceptibility and vulnerability analysis,
which provides a first-level zonation of the investigated territory. This approach can be cru-
cial for targeting economic resources and technological investments.

6 Conclusions

The study represents a first attempt to evaluate coastal risks associated with the main cli-
mate-related processes in the north west coast of the island of Malta. The study enabled the
assessment and zonation of coastal susceptibility, exposure and vulnerability related to the
above-mentioned processes and the assessment of the coastal multi-risk level for the year
2100 under two climate scenarios (best- and worst-case conditions). The study is based on
the exploitation of index-based methods, allowing the identification of coastal sectors for
which more advanced modelling analyses are required. The results are provided in the form
of maps that could be used for effective communication of coastal risk. Results highlighted
that the investigated coastal sector can be considered prone to be affected by the combined
effects of the processes taken into account. In particular, the pocket beaches located in the
main bays within the investigated coastal stretch can be considered as hotspots due to their
geomorphological setting (low topography, absence of rivers for sediment inputs, presence
of unstable boulders) and to their high tourist exploitation during all the year.

Being mainly occupied by abandoned agricultural lands and bare rock outcrops and pre-
senting a topographic elevation higher than 5 m a.s.1, approximately 70% of the investigated
area is characterized by low-risk under the accounted scenarios. Nevertheless, the remain-
ing portion of the coastline would require attention through adaptive planning and policy
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actions in order to safeguard the infrastructure, touristic amenities, and natural habitats from
the potential impacts of climate change.

While this method allows to zone out the most vulnerable coastal sectors of Malta,
providing a more thorough risk assessment and guidance for future policy action, further
investigation is required to validate the performance of this multi-risk assessment approach.
Thus, future analysis will focus on the assessment of the accuracy of such methods through
comparison of different methodologies in order to ensure more effective risk assessment
also considering the cascading effect of the accounted processes. Further investigations
should also consider the influence of land-use change and urban development on exposure
and risk patterns.

Finally, beyond the scope of this study, general response strategies to address the identi-
fied coastal risks may include relocation of vulnerable assets, protection through engineer-
ing or nature-based solutions, accommodation by adapting existing uses, and prevention
using improved planning. Such actions closely align with the response modalities (Molina
et al. 2020), and integrated coastal zone management principles in order to ensure long-term
resilience and environmental sustainability.
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