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ARTICLE INFO ABSTRACT

Handling editor: Jason Michael Evans The assessment of risk posed by climate change in coastal cities encompasses multiple climate-related hazards.
Sea-level rise, coastal flooding and coastal erosion are important hazards, but they are not the only ones. The
varying availability and quality of data across cities hinders the ability to conduct holistic and standardized
multi-hazard assessments. Indeed, there are far fewer studies on multiple hazards than on single hazards. Also,
the comparability of existing methodologies becomes challenging, making it difficult to establish a cohesive
understanding of the overall vulnerability and resilience of coastal cities. The use of indicators allows for a
standardized and systematic evaluation of baseline hazards across different cities. The methodology developed in
this work establishes a framework to assess a wide variety of climate-related hazards across diverse coastal cities,
including sea-level rise, coastal flooding, coastal erosion, heavy rainfall, land flooding, droughts, extreme tem-
peratures, heatwaves, cold spells, strong winds and landslides. Indicators are produced and results are compared
and mapped for ten European coastal cities. The indicators are meticulously designed to be applicable across
different geographical contexts in Europe. In this manner, the proposed approach allows interventions to be
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prioritized based on the severity and urgency of the specific risks faced by each city.

1. Introduction

Coastal cities around the world are experiencing unprecedented
growth and development, fuelled by urbanization and economic activ-
ities (Neumann et al., 2015). However, this expansion is unfolding in the
shadow of an escalating threat — the increasing frequency and severity of
climate-related hazards, a consequence of the rapidly changing climate
(Dale et al., 2001; Knutson et al., 2010; Sahoo and Bhaskaran, 2018;
Zhang et al., 2023). As we journey further into the 21st century, the
global population exposed to mean and Extreme Sea Level (ESL) events
is poised to grow significantly, leading to a surge in research endeavours
aimed at comprehending the repercussions of climate change on coastal
communities (Kulp and Strauss, 2019; Lima and Bonetti, 2020; Oppen-
heimer et al., 2019; Wong et al.,, 2014). In Europe, this issue is of
particular concern, as the continent’s densely populated coastal areas
serve as hubs for economic activities (Laino and Iglesias, 2023a). The
looming threats of sea-level rise and temperature increase are poised to
inundate wetlands, erode shorelines, exacerbate coastal flooding during
storms, and usher in complex climatic changes (Barredo, 2007; Hos-
seinzadehtalaei et al., 2020; Vousdoukas et al., 2017). These changes
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cast long shadows over tidal deltas, coastal plains, sandy beaches, and
estuaries (Ghorai and Sen, 2015; J Bergillos et al., 2019; Khojasteh et al.,
2022), affecting both human and ecological values (Bergillos et al.,
2020a; Garcia et al., 2020; Rodriguez-Delgado et al., 2020).

In the case of coastal cities in Europe, coastal storms represent the
primary climate-related hazard, leading to destructive Extreme Sea
Levels (ESLs), coastal flooding, and coastal erosion (J Bergillos et al.,
2019; Rodriguez-Delgado et al., 2020; Sardella et al., 2020). Projections
indicate that ESLs will rise along European coastlines, with notable
regional variations (Antunes et al., 2019; Howard et al., 2019; Lang and
Mikolajewicz, 2020; Lionello et al., 2021; Luque et al., 2021; Vous-
doukas et al., 2017; Wisniewski et al., 2011). The North Sea region, the
Baltic Sea, the Atlantic coasts of the United Kingdom and Ireland are
expected to experience the most substantial changes, while less severe
changes are foreseen along the southwestern European coasts. Other
climate-related hazards are anticipated to increase in frequency and
intensity in the European continent, notably those related to heatwaves,
droughts, and heavy precipitation events (Forzieri et al., 2017; Kovats
et al., 2014). This increase could also lead to a surge in fatalities, pri-
marily driven by an increase in heatwaves, especially in southern
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Europe. While progress has been made in addressing these climate
change challenges, numerous European cities necessitate increased ef-
forts to mitigate the most severe impacts (Salvia et al., 2021; Vijaya-
VenkataRaman et al., 2012).

The concept of “multi-hazard assessment (MHA)” has acquired broad
acceptance to refer to the consideration of the multiple hazards that
have the potential to affect a particular area, since its first appearance in
the United Nations’ Agenda 21 for sustainable development (UNEP,
1992), and the continuous use of this term in posterior United Nations’
events (e.g., Johannesburg Plan (UN, 2002) and the Hyogo Framework
for Action (UN-ISDR, 2005; Wang et al., 2020). In general, multi-hazard
approaches consider the interrelationships between the most relevant
hazards in the study area (Gupta et al., 2020). These interrelationships
usually include the simultaneity or the interdependency between the
occurrence and impact of various hazards (Gill and Malamud, 2014;
Kappes et al., 2012). The conception of the term multi-hazard in UNEP
1992 and its subsequent reinterpretations are also intimately related to
the framework of vulnerability and risk assessment. Nowadays,
numerous well-established approaches are accessible for most hazards
when these are considered alone, but a significantly smaller number of
methodologies deal with multiple hazards (Kappes et al., 2012).

Gallina et al. (2016) have reviewed existing MHA concepts and tools
applied by organisations and projects, showing that existing MHAs
typically fail to take into account the effects of climate change and to
provide a joint understanding of climate impacts, spatial visualization,
comparison between, and communication to, end-users. Most of the
popular MHAs are not developed to assess the relationship between
climate-related events and coastal cities (Buriks et al., 2004; Genovese
et al., 2005; Lavalle et al., 2006). Nevertheless, there are examples of
proposals of MHA intended for coastal areas analysing climate-related
events (Gallina et al., 2020; Godwyn-Paulson et al., 2022; Thakur and
Mohanty, 2023). In general, these approaches apply variations of the
Coastal Vulnerability Index (CVI) and other existing indices (Ahsan and
Warner, 2014; Gornitz, 1991; Rodriguez and Young, 2006). Other
existing methodologies cover some climate-related hazard; however,
these approaches do not focus on coastal cities (Elia et al., 2023; Pour-
ghasemi et al., 2019; Rusk et al., 2022). It has been observed that the
scope of the MHRAs developed for coastal cities is usually limited to
coastal hazards (namely, storms, storm surges, coastal and pluvial
flooding, and coastal erosion) and do not consider other climate-related
hazards common to inland cities, such as heatwaves, cold spells,
droughts, landslides and forest fires (Malakar et al., 2021; Rosendahl
Appelquist and Balstrgm, 2015; Serafim et al., 2019). Also, the
geographical coverage of these approaches may be limited (Laino and
Iglesias, 2023b). An approach is lacking that permits a standardized and
systematic MHA framework at European level, including all kind of
climate-related hazards — not only those specific to coastal areas.

Altogether, the current state of multi-risk assessments, including
MHA, reveals several critical deficiencies in the field (Curt, 2021). First,
there is a notable absence of adequate decision support tools, which
hinders effective risk management strategies. Additionally, the inte-
gration of practices for multi-risk governance is lacking, with minimal
collaboration among diverse risk-related communities. The communi-
cation of assessment results poses a significant obstacle to successful
multi-risk management efforts. Furthermore, the consideration of
diverse temporal hazard scenarios, particularly those associated with
global changes, presents an additional challenge that necessitates
comprehensive attention and improvement in the domain of multi-risk
assessments (Gallina et al., 2016).

In this context, indicator-based approaches represent a fundamental
methodology for articulating the multifaceted nature of climate-related
hazards (Birkmann et al., 2006; Klein and Nicholls, 1999). These ap-
proaches employ a set of independent variables to characterize key as-
pects of such hazards, including storm characteristics, wave regimes,
sea-level changes, precipitation patterns, and temperature fluctua-
tions, among others (Frazier et al., 2013; Lung et al., 2013; Mclaughlin
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and Cooper, 2010). Notably, these indicators can be occasionally
aggregated to form a composite index, offering a summarized view of
the overall hazard scenario (Nicholls et al., 2006). This methodology not
only facilitates a nuanced assessment of the various dimensions of
hazard but also integrates these assessments within a coherent and
standardized evaluation framework, thereby enhancing comparability
and interpretability across different cases and hazard types (Papatho-
ma-Kohle et al., 2016).

Despite their widespread application and inherent strengths, it is
important to acknowledge that the most popular indicator-based
methodologies often exhibit limitations in their scope, typically
concentrating on a select range of hazards or specific vulnerability pa-
rameters (Cutter et al., 2003). Common focal areas include coastal
flooding, coastal erosion, physical vulnerability assessments, and the
impacts on ecosystems (Baccini et al., 2009; Gallina et al., 2020; Murray
etal., 2021). This specialization, while beneficial for in-depth analysis of
particular hazards, may overlook the interdependencies and cumulative
effects of multiple hazards that concurrently affect coastal cities (Laur-
ien et al., 2022).

To address this gap, the methodology seeks to expand the traditional
scope of indicator-based approaches by incorporating a comprehensive
set of hazards relevant to coastal cities, thereby providing a more ho-
listic view of the risk landscape. In doing so, it is recognized the ne-
cessity of adapting and refining existing methodologies to meet the
specific requirements of the assessment. Drawing on the foundational
work of researchers such as Klein and Nicholls (1999) and Nicholls et al.
(2006) who have emphasized the importance of integrating diverse
hazard indicators into coastal vulnerability assessments, the approach
aims to bridge the existing methodological divide. By doing so, it is
ensured that the MHA framework remains flexible and adaptable,
capable of capturing the complex interplay of climate-related hazards
that threaten European coastal cities.

Furthermore, the adoption of an indicator-based approach un-
derscores the commitment for developing a methodology that is not only
scientifically rigorous but also practically applicable. By carefully
selecting indicators that are relevant, measurable, and sensitive to the
specific contexts of European coastal cities, policymakers and practi-
tioners are provided with a valuable tool that allows the comparison of a
wide variety of climate-related hazards in practically any coastal city in
Europe. In connection with the aforementioned, the intention is also to
develop a systematic and standardized methodology to discern in which
cities it is more crucial to continue the study in more detail. For this
reason, the indicator-based approach proposed allows for the results to
be refined through incremental improvement in the accuracy of in-
dicators. Ultimately, this approach is also designed to be flexible and not
excessively complex, in order to facilitate its use in collaboration with
coastal communities.

2. Materials and methods
2.1. Case studies

The selection of the study cities ensures a wide representation of the
geographical and climatic diversity of Europe, enabling a comprehen-
sive analysis of climate-related hazards across different coastal envi-
ronments. These cities were selected in alignment with the objectives of
the ‘Smart control of the climate resilience in European coastal cities’
(SCORE) project, covering ten diverse cities: Sligo and Dublin (Ireland);
Vilanova i la Geltrd, Benidorm, and Oarsoaldea (Spain); Oeiras
(Portugal); Massa (Italy); Piran (Slovenia); Gdansk (Poland); and Sam-
sun (Tiirkiye).

This selection facilitates the study to span a broad spectrum of
climate change challenges, from variations in risk exposure to differing
urbanization levels, thereby providing a framework for evaluating not
only different scenarios of hazard, but also of coastal vulnerability and
resilience. The choice is further justified by the varying degrees of
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existing research on the impacts of climate change in these areas (Laino
and Iglesias, 2023c), which allows the study to build upon and
contribute to the existing body of knowledge with new insights into
hazard assessment methodologies.

Moreover, the involvement of these cities in the SCORE project not
only grants access to rich datasets and localized contexts but also posi-
tions the methodology for practical application. This integration
promises to enhance the decision-making process for urban planning
and climate adaptation measures, directly contributing to the
advancement of climate resilience in European coastal cities. Through
this approach, the research directly responds to the urgent need for
actionable insights in the face of escalating climate threats, ensuring that
the findings have both scientific and practical relevance.

In this vein, essential geographic information vital for the compre-
hensive analysis of the target coastal cities was obtained by means of
robust data acquisition techniques. The acquisition of city coordinates
was accomplished through OpenStreetMap data, facilitated by the geopy
library — a renowned geolocation tool. The Local Administrative Units
(LAU) dataset sourced from Eurostat, a reputable repository of European
statistical data, was employed to further refine the geographical char-
acterization of the coastal cities. For the specific case of Turkey,
geographical data aligned with the Nomenclature of Territorial Units for
Statistics (NUTS) 2021 classification from Eurostat was employed. In
this context, the territorial boundary of the province of Samsun, delin-
eated at the NUTS 3 level, was utilized to represent the coastal area of
the city of Samsun.

These meticulously obtained city coordinates and boundaries served
as the foundational geographic references that underpinned the subse-
quent analyses (Table 1). The approach seamlessly integrated a bespoke
Python script with Geographic Information System (GIS) data, enabling
the automated retrieval of latitude and longitude coordinates. This
methodological synergy assured precision and consistency in the
geographical data, setting the stage for the calculation of various in-
dicators elaborated upon in subsequent sections of the paper.

Table 1
Geographic characterisation of coastal cities.

Coastal city Coordinates Geographical extents (LAU or NUTS
(Latitude, names)
Longitude)
Sligo (54.192986, Sligo-Drumcliff; Sligo-Strandhill
—8.730543)
Dublin (53.349380, Artane-Whitehall; Ballyfermot-
—6.260559) Drimnagh; Ballymun-Finglas; Cabra-
Glasnevin; Clontarf; Donaghmede;
Kimmage-Rathmines; North Inner City;
Pembroke; South East Inner City; South
West Inner City
Vilanova i la (41.224199, Vilanova i la Geltri
Geltru 1.725633)
Benidorm (38.540626, Benidorm
—0.129093)
Oarsoaldea (43.312527, Pasaia; Lezo; Errenteria; Oiartzun
—1.898613)
Oeiras (38.712497, Porto Salvo; Barcarena; Uniao das
—9.271300) freguesias de Carnaxide e Queijas; Uniao
das freguesias de Oeiras e Sao Juliao da
Barra, Paco de Arcos e Caxias; Unido das
freguesias de Algés, Linda-a-Velha e Cruz
Quebrada-Dafundo
Massa (44.035932, Massa
10.139552)
Piran (45.528492, Piran/Pirano
13.568449)
Gdansk (54.348291, Gdansk
18.654023)
Samsun (41.230356, Samsun (NUTS3)
35.968334)
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2.2. Selection of indicators

The selection of indicators, summarized in Table 2, was based on a
synthesis of authoritative sources and recent research findings tailored
to the European context. First, the Sixth Assessment Report by the IPCC
served as a foundational reference (Ranasinghe et al., 2021), offering a
comprehensive classification of climate-related events, which underpins
the understanding of potential hazards affecting coastal environments.

Second, further refinement of the indicator selection was informed
by the European Topic Centre on Climate Change Impacts, Vulnera-
bility, and Adaptation, which evaluates and prioritizes climate-related
hazard indices for Europe based on their significance, adaptation rele-
vance, data availability, and data robustness (Crespi et al., 2020). This
prioritization aims to produce indicators that can be applied homoge-
neously and systematically in the European coastal context.

Finally, the approach aligns with and builds upon recent studies that
employ hazard indicators. Lung et al. (2013) and Hincks et al. (2023)
analyse a range of hazards including coastal, temperature extremes,
precipitation, flooding, drought and landslide for regional risk assess-
ments in Europe. The collaborative research conducted by Laino and
Iglesias (2023c), which combines a review of existing literature with
insights from local stakeholders in the study cities, provides critical in-
sights into the local perceptions of climate-related hazards. This align-
ment with established research ensures that the methodology is not only
grounded in the latest scientific understanding but also addresses the
specific challenges and local concerns faced by coastal cities in adapting
to climate change.

2.3. Sea-level rise

Sea-level rise is the sustained increase in the average height of the
ocean’s surface over a specified period, primarily driven by the thermal
expansion of seawater and the melting of polar ice caps and glaciers. In
the context of coastal cities hazard assessments, sea-level rise is a critical
parameter to consider, as it poses a substantial and escalating risk to
these urban areas (Petrosillo et al., 2006). It may lead to coastal flood-
ing, erosion, and intensified storm surge impacts, significantly ampli-
fying the vulnerability of these regions to natural disasters and
necessitating robust adaptation and mitigation strategies to safeguard
both human populations and critical infrastructure (Paranunzio et al.,
2021).

Sea-level change rates have been estimated using the NASA Sea-
Level Projection Tool (Garner et al., 2021; Intergovernmental Panel on
Climate Change (IPCC), 2023; Kopp et al., 2023). Values are measured
for the year 2020 under the SSP2-4.5 scenario (relative to a 1995-2014
baseline), including global and regional contributions from changes in
steric conditions, Greenland and Antarctic ice sheets, glaciers, ocean
dynamics, gravitational-rotational-deformational effects of the Earth,
land-water storage and glacial isostatic adjustment and other drivers of
vertical land motion.

2.4. Storm surge, wave regime and tidal range

The addition of storm surge, waves and tides to regional sea-level rise
results in ESL (IPCC, 2021). Indicators for these parameters have been
measured from the downscaled meteorological forcing from the ERAS
climate reanalysis for the period 2001-2017 through the application
Indicators of water level change for European coasts in the 21st Century
Wave (Caires and Yan, 2020; Hersbach et al., 2020; Yan et al., 2020).
Results for each indicator are averaged from the stations located within
a circle centred in the coastal city of radii 0.5° (circa 55.6 km) for Sligo,
Dublin, Gdansk and Samsun and 0.2° (circa 22.2 km) for the rest of cities
using a regular latitude-longitude grid with a spatial resolution 0.1°.

The significant wave height (H;) and peak wave period (T},) are key
descriptors for characterizing wave conditions in marine and coastal
environments. Hs quantifies the average height of the highest one-third
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Table 2
Summary of indicators, including units and spatial and temporal resolution and

coverage.

Indicator Spatial Temporal Data source
(units) resolution and resolution and
coverage coverage
MSL rate 1-degree grid; Decade, 2020 NASA Sea-Level
(mm/year) global relative to a Projection Tool (

1995-2014 Garner et al., 2021;
baseline Intergovernmental
Panel on Climate
Change (IPCC), 2023;
Kopp et al., 2023)
Storm surge 0.1-degree Value Indicators of water
level (m) grid; Europe corresponding to level change for
the 50th percentile ~ European coasts in the
of the 50-year 21st Century (Caires
return period from and Yan, 2020;
2001 to 2017 Hersbach et al., 2020;
ERAS reanalysis Yan et al., 2020)
Significant 0.1-degree Average value Indicators of water

wave height

(m)

grid; Europe

between the 90th
and 100th
percentiles from
2001 to 2017
ERAS reanalysis

level change for
European coasts in the
21st Century Wave (
Caires and Yan, 2020;
Hersbach et al., 2020;
Yan et al., 2020)

Peak wave 0.1-degree Average value Indicators of water
period (s) grid; Europe between the 90th level change for
and 100th European coasts in the
percentiles from 21st Century Wave (
2001 to 2017 Caires and Yan, 2020;
ERAS reanalysis Hersbach et al., 2020;
Yan et al., 2020)
Annual 0.1-degree Value Indicators of water
highest high  grid; Europe corresponding to level change for
tide (m) the 50th percentile ~ European coasts in the
of the 50-year 21st Century Wave (
return period from  Caires and Yan, 2020;
2001 to 2017 Hersbach et al., 2020;
ERAS reanalysis Yan et al., 2020)
Coastal 100-m; most Values ECFAS Pan-EU Flood
flooding Europe corresponding to Catalogue (Le Gal

extents (%)

LECZ area (%)

3-arc-seconds;
global

the 50-year return
period and 36-h
duration storm
Single values
reflecting
conditions pre-
2017

et al., 2022, 2023)

MERIT DEM (
Yamazaki et al., 2017)

Coastline 200 m; Europe Single values Eurosion (Lenotre
length reflecting et al., 2004)
undergoing conditions up to
erosion (%) the early 2000s

Land flooding 100 m; Europe Values for the 100-  River flood hazard
area (%) and its year return period maps for Europe and

surrounding based on daily the Mediterranean
areas river flows Basin region (Dottori
between 1990 and et al., 2021)
2016

Heavy rainfall 0.25-degree; Day; 1981-2019 Extreme precipitation
frequency Europe risk indicators for
(day/year) Europe and European

cities from 1950 to
2019 (Hersbach et al.,
2020; Mercogliano

et al., 2021)

Drought 1-degree; Month; Global Drought
frequency global 1981-2020 Observatory
(month/ (European
year) Commission and Joint

Extreme high

0.25-degree;

Day; 1981-2020

Research Centre (JRC),
2021)
European Drought

temperature Europe Observatory (Lavaysse
threshold et al.,, 2018)
(9]
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Table 2 (continued)

Indicator Spatial Temporal Data source
(units) resolution and resolution and
coverage coverage

Extreme low 0.25-degree; Day; 1981-2020 European Drought

temperature Europe Observatory (Lavaysse
threshold et al., 2018)
Q)

Heatwave 0.25-degree; Day; 1981-2020 European Drought
frequency Europe Observatory (Lavaysse
(day/year) et al., 2018)

Cold spell 0.25-degree; Day; 1981-2020 European Drought
frequency Europe Observatory (Lavaysse
(day/year) et al., 2018)

Strong winds 1 km; 20W- Hour; 1981-2020 Winter windstorm
frequency 35E, 35N-70N indicators for Europe
(event/ regular from 1979 to 2021
year) latitude- derived from

longitude grid reanalysis (Copernicus
Climate Change
Service and Climate
Data Store, 2022;
Hersbach et al., 2020)

Landslide- 200 m; Europe Single values ELSUS v2 (Wilde et al.,
prone area reflecting 2018)

(%) conditions pre-
2018

of waves in a given wave dataset. T, is a measure of the time interval
between successive wave crests passing a fixed point. It represents the
dominant or most frequent time period between individual wave crests
in a wave train. Values corresponding to the average between 90th and
100th percentiles for H; and T, were selected as these offer a compro-
mise between conservatism and practicality. They account for wave
conditions that are higher than most observed conditions but do not go
to the extreme levels of the 99th and 100th percentiles.

The Surge Level (SL) and Annual Highest High Water (AHHW)
complete the selection of indicators for the high-level characterisation of
ESLs. Storm surge (and consequently SL) is a temporary and abnormal
rise in sea level, typically associated with storm conditions. It results
from a combination of factors, including strong winds, atmospheric
pressure changes, and the geomorphology of the coastline. AHHW in-
cludes the contribution from the statistical annual highest hide tide,
mean sea level and sea-level rise, but does not account for storm surge
caused by atmospheric forcing. The 50-year return period and 50th
percentile have been utilized as they address the potential for rare but
significant surge events and are typically considered for critical infra-
structure and long-term urban planning. The 50th percentile represents
a neutral approach corresponding to the median surge level within the
50-year return period.

2.5. Coastal flooding extents and low-elevation coastal zone

The examination of areas vulnerable to coastal flooding is integral to
delineating the scope of flood risk. Such analysis is foundational for
identifying prevailing flood risk patterns and temporal trends, which are
essential for conducting thorough risk assessments and formulating
strategic planning and mitigation efforts. To this end, two indicators
were developed based on most recent coastal flooding maps and the
concept of Low-Elevation Coastal Zones.

The European Coastal Flood Awareness System (ECFAS) Pan-EU
Flood Catalogue was employed as a primary data source to quantify
the extent of areas susceptible to coastal flooding within the study cities
(Le Gal et al., 2022, 2023). This comprehensive repository offers
detailed mappings of coastal flood projections across Europe. These
projections are based on 15 scenarios that simulate synthetic storms of
varying intensities and durations. The scenarios are constructed around
Total Water Levels (TWLs) for return periods extending from 2 to 50
years, coupled with storm durations spanning 12, 24, and 36 h, and are
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rendered at a spatial resolution of 100 m, ensuring detailed and accurate
delineation of flood extents.

For the purpose of this study, the most conservative scenar-
io—representing a 50-year return period and a 36-h storm dura-
tion—was selected. This decision was aimed to capture the full spectrum
of potential flood impacts, thereby facilitating a comprehensive assess-
ment of urban areas at heightened risk and also to enhance the reliability
of the findings in supporting the development of adaptive strategies and
policy interventions.

The Low Elevation Coastal Zone (LECZ) is commonly utilized as an
indicator to assess the vulnerability of coastal areas to a range of climate-
related hazards in the context of coastal cities (Fang et al., 2020). It is
defined as a contiguous geographical area situated in close proximity to
the coastline, with an elevation less than 10 m above Mean Sea Level
(MSL). LECZs hold particular significance in hazard assessment due to
their typical characteristics of high population density and economic
development, as well as their close proximity to the sea, rendering them
susceptible to various coastal hazards.

For the purpose of this study, LECZ areas were systematically
determined for each coastal city under investigation. This determination
was facilitated by employing the Multi-Error-Removed Improved-
Terrain Digital Elevation Model (MERIT DEM), a global digital elevation
model characterized by a high level of accuracy (MacManus et al., 2021;
Yamazaki et al., 2017). The MERIT DEM boasts a spatial resolution of 3
arc-seconds, equivalent to approximately 90 m at the Equator, and +2 m
of vertical resolution. The MERIT DEM is constructed by amalgamating
data from various existing spaceborne DEMs, including the NASA
SRTM3 DEM v2.1, JAXA AW3D-30m DEM v1, and Viewfinder Pano-
ramas’ DEM. Furthermore, it is complemented by other pertinent
datasets in order to minimize multiple error components.

To further assess coastal vulnerability, the LECZ areas were delin-
eated using the MERIT DEM data and subsequently compared to the
overall coastal city area. This assessment provided a valuable metric for
expressing the extent of coastal exposure, effectively quantifying the
vulnerability of these urban coastal regions to climate-related hazards.

2.6. Coastline length under erosion

Coastal erosion refers to the net removal of material from one coastal
location to another, influenced by various natural factors including
storm surge, changes in wave energy, sediment supply, and sea-level rise
(Bergillos et al., 2020a). The inevitability of coastal erosion often cul-
minates in shoreline retreat, be it gradual due to sea-level rise or
episodic due to ESLs or coastal flooding (Dawson et al., 2009; J Bergillos
et al., 2019).

Coastline erosion trends (erosion, aggradation, stability) have been
analysed for each coastal city, with the exception of Samsun, using data
from Eurosion database (Eurosion, 2004). The European coastal data-
base Eurosion contains information regarding shoreline evolution over
the 1990s with a scale of 1:100,000. In particular, coastline segments are
classified according to the observed erosional trend. These segments are
classified in four categories: erosion, aggradation, stable or undeter-
mined. Categories of erosion, aggradation and stable directly refer to the
erosional trend for each coastline segment, and undetermined applies
when no data are available. The total coastline lengths under erosion
were computed and expressed as a percentage of the total coastline
length for each study city.

2.7. Heavy precipitation and land flooding

Land flooding, defined as the inundation of terrestrial areas by water
resulting from various factors, including heavy rainfall, storm surges,
rising sea levels, and river flooding, holds a paramount role in the hazard
assessment of coastal cities, significantly augmenting their risk profiles
(Beden and Ulke, 2020). This can lead to severe consequences, such as
property damage, infrastructure disruption, and threats to ecosystems
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and human lives, making it a critical factor in the evaluation and miti-
gation of hazards in coastal urban environments (Cai et al., 2011).

Heavy rainfall events refer to periods of intense and excessive pre-
cipitation, characterized by a significant and often rapid accumulation
of rainfall within a specific geographic area or time frame, exceeding the
average or expected rainfall amounts for that region or period (Chen
et al., 2022; Ulke Keskin et al., 2018). In this study, heavy rainfall events
have been characterized by calculating the frequency of daily rainfall
exceeding 20 mm, due to their consistency for cross-city comparisons,
relevance in areas with limited soil infiltration, utility in assessing
infrastructure resilience, effectiveness in risk communication, and swift
risk identification. The underlying rainfall data used to calculate these
values are derived from the ERA5 reanalysis, encompassing a spatial
resolution of 0.25° x 0.25° for the period 1979-2019, as per Merco-
gliano et al. (2021).

The flood extents represent the areas susceptible to flooding and
have been extracted for the coastal cities using data sourced from the
“River flood hazard maps for Europe and the Mediterranean Basin re-
gion” from the Joint Research Centre dataset (Dottori et al., 2021).
Specifically, the flood extents correspond to events with a 100-year re-
turn period and spatial resolution of 100 m, thus providing a robust
perspective on the potential severity of flooding in these regions and
detailed and precise mapping of flood-prone areas. Flood-prone areas
are expressed as a percentage of the total coastal city area for subse-
quently comparison.

2.8. Droughts

Droughts can be defined as extreme events related to climate,
marked by enduring and significantly dry weather patterns that upset
the balance of hydrological processes, causing widespread impacts
(Dabrowska et al., 2023; Garcia-Herrera et al., 2019; Vicente-Serrano
et al., 2020). Such conditions are often associated with reduced pre-
cipitation, soil moisture, and water storage levels, which contribute to
the categorization of drought into three types, namely meteorological,
agricultural, and hydrological drought, respectively.

The Standard Precipitation Index with a 3-month aggregation win-
dow (SPI-3) is a widely recognized and accepted indicator for meteo-
rological drought assessment (WMO, 2012). In this study, drought
events were evaluated using this indicator, specifically, the number of
drought months within the period spanning from 1981 to 2020 for each
city. To derive this indicator, the geographic coordinates of the cities
mentioned earlier are employed. The quantification of drought months
was accomplished through the utilization of the SPI-3 data from EDO,
with a spatial resolution of 1° and calculated over the reference period of
1991-2020 (European Commission and Joint Research Centre (JRC),
2021; McKee et al., 1993). Drought months are considered those with
SPI-3 falls below —1.

2.9. Temperature extremes, heatwaves and cold spells

Extreme temperatures, which hold significant relevance for sectors
such as agriculture, forestry, fire management, public health, and
infrastructure planning, were systematically quantified (Mitsopoulos
et al.,, 2019; Mitsopoulos and Mallinis, 2017). To this end, relative
thresholds were established based on daily temperature data. These
thresholds were carefully designed to capture the unique characteristics
and variations of the local climate, thus providing a more refined and
context-specific evaluation of extreme temperatures, as opposed to the
use of absolute temperature values (Paranunzio et al., 2021). Further-
more, this approach facilitated the precise identification and differen-
tiation of various extreme temperature events, including heatwaves and
cold spells.

Temperature extremes, heatwaves and cold spells occurrences have
been calculated based in the dataset comprising daily interpolated
maximum and minimum temperature observations from EDO for the
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period 1981-2020 (Lavaysse et al., 2018). The temperature data is
derived from an extensive network of approximately 4000 weather
stations distributed across Europe and its adjacent regions. Interpolation
of these temperature data was performed utilizing an inverse distance
algorithm, with a search radius of 200 km and on a grid with a spatial
resolution of 0.25 decimal degrees. A maximum of 20 nearby weather
stations were considered for interpolation at any given location and a
correction for elevation was applied by incorporating a temperature
adjustment factor of 0.65 °C per 100 m of elevation change.

The definitions of heatwaves and cold spells, which are often subject
to variability (Hong and Hong, 2016), were carefully chosen to align
with widely accepted standards. For climatological heatwaves, the
criteria set forth by the European Environment Agency (Crespi et al.,
2020). A heatwave is defined thereby as a period of at least three
consecutive days when the daily maximum temperature exceeds the
99th percentile of daily maximum temperature values from May to
September in a given location over the reference climate period. Simi-
larly, climatological cold spells have been defined as periods of at least
three consecutive days when the daily minimum temperature is below
the 1st percentile of daily minimum temperatures from November to
March (Hooyberghs et al., 2019). In this context, the reference period for
defining extreme temperature thresholds was established as 1981-2000.

2.10. Strong winds

Strong winds are defined as high-velocity air movements signifi-
cantly exceeding typical or average wind speeds for a given region. In
Europe, many of the most powerful windstorms originate in the North
Atlantic Ocean during the winter session (Pryor et al., 2012). These
storms are often referred to as North Atlantic storms or extratropical
cyclones and can bring heavy rain and strong winds to western and
northern Europe.

To assess the exposure of coastal cities to the forces of these winter
storms, storm footprints were employed as a fundamental element.
These footprints represent the spatial extent of each storm’s impact.
Specifically, for each storm track associated with windstorms occurring
between October and March, the maximum 3 s 10 m wind gusts over a
72-h period were analysed for each coastal city. These data are sourced
from ERAS reanalysis and are based on hourly assessments, with a
spatial resolution of 1.0 km (Copernicus Climate Change Service and
Climate Data Store, 2022). To assess the potential hazard posed by these
windstorms, a threshold was set at wind speeds exceeding 20 m/s,
corresponding approximately to Beaufort Scale categories ranging from
“gale” to “strong gale".

2.11. Landslides

Landslides can be defined as the abrupt downward movement of
earth material, often triggered by various factors such as heavy rainfall,
seismic activity, or human activities (Paranunzio et al., 2015). In this
study, landslide exposure was assessed using data derived from the
European Landslide Susceptibility v2 (ELSUS v2) dataset (Giinther et al.,
2014; Wilde et al., 2018). ELSUS v2 offers a comprehensive represen-
tation of landslide susceptibility across the European continent, char-
acterized by a spatial resolution of 200 m. This dataset is the result of a
heuristic-statistical modelling approach that integrates key landslide
conditioning factors, encompassing slope angle, shallow sub-surface li-
thology, and land cover characteristics, in addition to geospatial infor-
mation regarding over 149,000 actual landslide occurrences.

The resulting ELSUS v2 landslide susceptibility map classifies sus-
ceptibility levels into a categorical scale encompassing the following
classifications: ‘no data,” ‘very low,” ‘low,” ‘moderate,” ‘high,” and ‘very
high,” represented numerically within a range of 0-5. To evaluate the
exposure of coastal cities to landslide susceptibility, an analysis focused
on pixels corresponding to susceptibility levels of 4 and 5 was conducted
for each coastal city domain. By aggregating these pixels, the
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corresponding area was computed and expressed as a percentage of the
total land area occupied by each coastal city.

3. Results

Sea-level rise amplifies the adverse impacts of coastal flooding and
erosion, progressively submerging land as mean sea level (MSL) con-
tinues to rise. A critical aspect of our analysis is the assessment of MSL
rate variations for each coastal city. Our findings reveal a spectrum of
MSL rates across these cities, ranging from 2.4 mm/year in Sligo to 5.4
mm/year in Vilanova i la Geltri and Gdansk. Intermediate MSL rates,
falling between 3.4 mm/year and 3.8 mm/year, are observed in Beni-
dorm, Massa, Piran, and Samsun. Dublin, Oarsoaldea, and Oeiras exhibit
higher MSL rates, spanning from 4.0 mm/year to 4.5 mm/year (Fig. 1).

Considering the implications of these diverse MSL rates, it becomes
evident that some coastal cities face a more rapid sea-level rise than
others. This discrepancy underscores the need for tailored adaptation
strategies and proactive measures in regions experiencing accelerated
MSL increases. Moreover, understanding the underlying factors
contributing to these disparities is crucial for informed decision-making
and sustainable coastal management.

A comprehensive assessment that accounts for extreme high-tide,
surge, and wave levels provides valuable insights into the potential for
extreme sea level events in coastal cities. Fig. 2 presents an overview of
the combined values of these crucial parameters. Notably, wave action
emerges as the predominant contributor to the overall ESL across all
coastal cities. The indicators show that Sligo, Oarsoaldea, and Oeiras are
poised to experience the most substantial ESLs, reaching heights of
10.23 m, 8.07 m, and 7.61 m, respectively. Coastal cities situated along
enclosed or semi-enclosed seas, such as the Mediterranean, Baltic, and
Black Seas, generally exhibit lower ESL values, hovering around 3 m,
with Samsun recording the lowest at 2.22 m. Tidal influence remains
notably minimal in these cities, typically measuring less than 0.20 m,
except for Piran, where it reaches 0.76 m. Surge levels exhibit variability
among cities, with peak values observed in Sligo and Gdansk at 1.12 m
and 1.15 m, respectively.

These findings underscore the critical role of wave dynamics in
shaping extreme sea levels in coastal cities, highlighting the significance
of wave-related preparedness measures in these regions. Additionally,
the notable differences in extreme sea levels among coastal cities,
especially in relation to surge levels, raise questions about the local
factors contributing to such variations. Further research into the specific
geographic, geological, and environmental factors influencing surge
levels in these regions could provide valuable insights for coastal plan-
ning and resilience efforts.

The quantification of coastal flooding extents and LECZ areas, as
percentages of total city areas, provides a critical lens through which the
vulnerability of European coastal cities to sea-level rise and potential
inundation can be assessed. Fig. 2 juxtaposes these two pivotal in-
dicators to identify areas most at risk of coastal flooding. The findings
reveal a nuanced landscape of hazard across the studied cities. Specif-
ically, the analysis based on the ECFAS dataset indicates that, with the
exception of Oarsoaldea, coastal flooding extents are generally smaller
than the corresponding LECZ areas. This discrepancy underscores the
varied nature of threat landscapes, with Oarsoaldea presenting a unique
case where the risk of coastal flooding aligns closely with its LECZ
designation. In terms of relative coastal flooding exposure, Piran stands
out, with 17.4% of its area falling within flood-prone zones, the highest
among the cities studied, followed by Gdansk with a notable 6.1%
exposure.

Furthermore, Gdansk emerges as the city with the highest LECZ
proportion, with a staggering 46.8% of its total area falling within this
zone. This finding underscores the acute vulnerability of Gdansk to
rising sea levels, demanding immediate attention to mitigate potential
impacts on infrastructure, urban planning, and the livelihoods of its
residents. Piran follows closely, with a substantial 29.1% of its city area



E. Laino and G. Iglesias

Journal of Environmental Management 357 (2024) 120787

S
Oarsoaldea:

4.4 mm/year
|

)
Oeiras:

4.4 mm/year
N~—

MSL rate
(mm/year)
®24-30
®31-36

37-42
®43-438
®49-54

Gdansk:
5.4 mm/year

Piran:
3.6 mm/year

Benidorm:
3.4 mm/year To 7

=3 [

Vilanova i la Geltru: Samsun:
5.4 mm/year 3.4 mm/year

Administrative boundaries: © EuroGeographics

Fig. 1. Sea-level change rates in 2020 under the SSP2-4.5 scenario (relative to a 1995-2014 baseline). Data source: NASA Sea-Level Projection Tool (Garner et al.,
2021; Intergovernmental Panel on Climate Change (IPCC), 2023; Kopp et al., 2023).

classified as LECZ. This places Piran in a high-risk category for coastal
inundation, emphasizing the need for proactive measures to safeguard
against sea-level rise-induced threats. Massa, with 18.6% of its area in
the LECZ, also demonstrates a notable susceptibility to coastal hazards.
The results suggest that Massa faces a considerable challenge in terms of
preserving its coastal assets and managing potential flooding events. In
contrast, cities such as Benidorm (3.0%), Oeiras (2.3%), and Oarsoaldea
(1.1%) exhibit relatively lower LECZ proportions, indicating a
comparatively reduced exposure to sea-level rise within their city
boundaries. Dublin (15.6%), Samsun (9.6%), Sligo (8.3%) and Vilanova
i la Geltra (5.5%) fall within the medium range, indicating a need for
comprehensive coastal management strategies to address potential im-
pacts in these regions.

The indicators encompassing areas exposed to coastal flooding,
defined as percentages of city territory, highlight the diverse range of
coastal vulnerability levels across the studied cities. They underscore the
critical importance of tailored adaptation and resilience strategies to
safeguard these coastal regions and their communities from the esca-
lating challenges posed by sea-level rise and coastal inundation.

The evaluation of coastal erosion, expressed as a percentage of the
total city coastline, offers invaluable insights into the susceptibility of
coastal cities to this widespread natural phenomenon (Fig. 3). It is worth
noting that cities with artificial seafronts, where the impact of coastal
erosion on these segments may be minimal, tend to exhibit lower sus-
ceptibility values. Additionally, it is important to acknowledge that
some results may be outdated due to data being from 2004 or earlier,
given the ongoing development of adaptation and mitigation efforts.

Massa presents a stark scenario, with its entire coastline affected by
erosion, which translates into an alarming 100.0% susceptibility. This
underscores the urgency of the extensive mitigation and adaptation
actions undertaken in the region in recent years (Laino and Iglesias,
2023a). Piran (26.8%), Vilanova i la Geltrd (26.1%), Gdansk (21.3%)
and Sligo (19.6%) also have significant sections of coastline undergoing
erosion. While not as severe as Massa, these cities nonetheless face
significant challenges in managing and mitigating erosion impacts.
Conversely, Dublin, Benidorm, and Oarsoaldea report 0.0% suscepti-
bility, reflecting the presence of artificial seafronts or cliffs in these

areas. However, it is essential to recognize that contemporary observa-
tions reveal ongoing coastal erosion affecting the Levante and Poniente
beaches in Benidorm (Laino and Iglesias, 2023a; Toledo et al., 2022).
Unfortunately, data for Samsun remained unavailable for this analysis.
Nevertheless, other studies advocate for comprehensive data collection
efforts to comprehensively assess and address this significant hazard in
the coastal city (Faik and Sesli, 2010).

In summary, the assessment of coastline under erosion as a per-
centage of the total city coastline provides a crucial metric for under-
standing and comparing the vulnerability of coastal cities to this
environmental challenge. These findings provide a solid foundation for
targeted studies and the formulation of policy measures aimed at
bolstering the resilience of these cities in the face of persistent coastal
erosion.

The analysis of the extent of floods and water depths corresponding
to river flooding events with a 100-year return period offers a critical
perspective on the vulnerability of coastal cities to this specific hazard.
As illustrated in Fig. 4, these data enables a comparative assessment of
flood exposure across the study cities. It is important to note that the
reference dataset does not encompass flooding events in areas with
narrow (river width <100 m) watercourses or ravines, which may pose
distinct flood risks. For such cases, we will delve into heavy rainfall
events later in this study, providing additional insights into flood
susceptibility.

In cities covered by the data from Dottori et al. (2021), flood extents
and water depths have been combined (namely, LFI) to assess river
flooding hazard. The LFI values are most pronounced in Gdansk, Sam-
sun, and Dublin, measuring at 55.72 cm, 20.75 cm, and 6.22 cm,
respectively. This metric facilitates a direct comparison of river flood
hazards among these cities. It is worth emphasizing that while the LFI
cannot be accurately calculated for cities with small watercourses, our
analysis highlights the historical prominence of river flooding hazards in
Dublin, Gdansk, and Samsun compared to the other cities under exam-
ination (Laino and Iglesias, 2023a). This underscores the continued
relevance of the LFI as a valuable indicator for assessing and addressing
river flood hazards.

The analysis of days with daily precipitation exceeding 20 mm
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Fig. 2. Coastal flooding extents (CFI) based on the data from the ECFRAS Pan-EU Flood Catalogue for the synthetic storm scenario of 50-year return period and 36-h
duration, LECZ extents and percentage expressing LECZ area over total city areas and averaged values of significant wave height (median of averaged 90th and 100th
percentiles), surge (median of 50-year return period) and annual highest high water (median) levels between 2001 and 2017 for the coastal cities. Data source:
Yamazaki et al. (2017) and ERA5 reanalysis (Caires and Yan, 2020; Hersbach et al., 2020; Yan et al., 2020).
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between 1981 and 2019 offers valuable insights into the susceptibility of
coastal cities to heavy rainfall events (yearly averaged and scaled by a
factor of 107! in Fig. 5 for visual comparison). This parameter displays
noteworthy variations among the coastal cities under study. Massa,
Piran, and Oarsoaldea stand out with the highest occurrences, tallying
821, 685, and 546 instances, respectively. In contrast, Gdansk, Beni-
dorm, and Dublin record the lowest occurrences, with 52, 106, and 109
instances, respectively. Meanwhile, Sligo, Vilanova i la Geltrd, Oeiras,
and Samsun accumulate around 200 days of such heavy rainfall events,
with 244, 228, 170, and 198 occurrences, respectively. Significant trend
changes are not apparent across the coastal cities between 1981-2000
and 2001-2019. However, there is a subtle increase in the number of
heavy rainfall events observed in Dublin and Benidorm during this
period.

These findings underscore the diversity in heavy rainfall exposure

among coastal cities, with some cities consistently experiencing a higher
frequency of such events. While overall trends remain relatively stable,
the slight uptick in heavy rainfall events in Dublin and Benidorm sug-
gests the need for continued monitoring and adaptation strategies to
address potential increases in extreme precipitation in these regions.
However, it is worth noting that while this study provides valuable in-
sights into the frequency of heavy rainfall events in coastal cities,
changes in rainfall intensity have not been examined specifically. Future
research should delve deeper into the intensity of precipitation events,
as this aspect can provide a more comprehensive understanding of the
evolving precipitation patterns and their potential impacts on these
coastal regions (Skougaard Kaspersen et al., 2017).

The examination of the number of months with SPI-03 below —1
(1981-2020) as depicted in Fig. 5 serves as a valuable indicator of the
likelihood of drought episodes in coastal cities. Oeiras stands out with
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the highest cumulative count of such months, registering at 91 (Espinosa
and Portela, 2022; Santos et al., 2010). Notably, these drought events
have become more prevalent in the past two decades, increasing from 38
months (1981-2000) to 53 months (2001-2020). Sligo and Piran also
exhibit substantial counts, with 82 and 85 months respectively falling
under these defined drought conditions during the period of 1981-2020.
Similar to Oeiras, Sligo and Piran have witnessed an escalation in
drought events, with 33 months-49 months and 32 months-53 months
respectively, when comparing the time spans of 1981-2000 and
2001-2020.

Conversely, coastal cities such as Dublin (61), Benidorm (63), and
Gdansk (64) record lower total counts of drought months for the same
period. In some of these cities, namely Benidorm (42 against 21),
Gdansk (38 against 26), and Samsun (41 against 35), there is even a
declining trend in drought months, suggesting a relative mitigation of
drought risk in recent years. Additionally, several coastal cities,
including Vilanova i la Geltrt (78), Oarsoaldea (74), Massa (73), and
Samsun (76), exhibit intermediate total counts of drought months.
Notably, Massa demonstrates a significant increase in drought months
between 1981-2000 and 2001-2020, rising from 29 to 44 months.

These findings emphasize the need for proactive drought manage-
ment strategies in cities with increasing drought trends, while also
highlighting the decrease of drought-risk in others. Tailored approaches
to drought resilience should take into account the specific challenges
faced by each coastal city, as demonstrated by the variations in drought
occurrence and trends across the studied regions.

The calculation of extreme temperature values based on daily min-
imum and maximum temperature data yields a wealth of critical infor-
mation. Beyond facilitating the assessment of heatwaves and cold spells,

10

which will be discussed in detail later, these indicators offer invaluable
insights with wide-ranging applications, encompassing climate resil-
ience planning, public health, infrastructure development, energy
management, agricultural practices, tourism, climate mitigation strate-
gies, and emergency preparedness, among others.

Table 3 illustrates the 99th percentile for daily maximum tempera-
tures and the 1st percentile for daily minimum temperatures between
1981 and 2000 across the coastal cities in our study. Notably, Oeiras
stands out as the coastal city with the highest recorded maximum tem-
perature, reaching a scorching 38.2 °C. It is closely followed by Oar-
soaldea, Vilanova i la Geltr(, and Benidorm, all located in the Iberian
Peninsula, with maximum temperatures of 35.2 °C, 34.4 °C and 34.4 °C,
respectively. Conversely, Gdansk emerges as the coastal city with the
most frigid recorded minimum temperature, plummeting to —16.3 °C.
This stark contrast is followed by Massa (—6.4 °C), Samsun (—5.9 °C),
and Sligo (—5.7 °C), emphasizing the considerable variation in mini-
mum temperature extremes among the studied coastal cities. Notably,
Dublin and Sligo, both situated in Ireland, exhibit the lowest recorded
high temperatures among the coastal cities, with values of 24.5 °C and
24.3 °C, respectively. Regarding the maximum recorded low tempera-
tures, the Iberian Peninsula cities once again lead the pack, with Oeiras
and Vilanova i la Geltr registering 2.8 °C, Benidorm recording —1.8 °C,
and Oarsoaldea reporting —3.2 °C.

These temperature extremes underscore the vast climatic diversity
across the coastal cities under study, with some experiencing sweltering
high temperatures while others endure extreme cold. The comprehen-
sive nature of this temperature analysis not only aids in understanding
local climate patterns but also highlights the multifaceted implications
for various sectors and industries operating in these regions.
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Fig. 5. Yearly-averages of number of days with daily precipitation exceeding 20 mm (HPI) (1981-2019), number of months with SPI-03 below —1 (DMI)
(1981-2020), heatwave days (HDI) (1981-2020), cold spell days (CDI) (1981-2000) and number of windstorms events with maximum 3 s and 10 m height wind gust
velocities exceeding 20 m/s (SWI) (1981-2020). Data source: Mercogliano et al. (2021), European Commission and Joint Research Centre (JRC) (2021), Lavaysse
et al. (2018) and Copernicus Climate Change Service, Climate Data Store (2022).

Table 3

Percentiles 99th for daily maximum temperatures and 1st for daily minimum
temperatures between 1981 and 2000 for the coastal cities. Data source: (Lav-
aysse et al., 2018).

Coastal city Low extreme temperature

threshold (°C)

High extreme temperature
threshold (°C)

Sligo -5.7 24.3
Dublin —4.5 24.5
Vilanovaila 2.8 34.4
Geltri
Benidorm -1.8 34.4
Oarsoaldea -3.2 35.2
Oeiras 2.8 38.2
Massa —6.4 30.6
Piran —-4.1 32.9
Gdansk -16.3 29.8
Samsun -5.9 33.9

The analysis of heatwaves and cold spells in this study focuses on
instances when daily maximum temperatures, in the case of heatwaves,
and daily minimum temperatures, in the case of cold spells, surpass
predefined thresholds based on percentiles. Periods lasting three or
more days with these conditions occurring between 1981 and 2020 were
evaluated for the coastal cities, with the yearly-averaged cumulative
duration of these events presented in Fig. 5.

In the context of heatwaves, Piran emerges as a standout, with a total
duration of 265 days of heatwave conditions recorded over the four
decades under scrutiny. Massa follows in second place with 130 days,

while Benidorm and Oarsoaldea rank third, each experiencing 97 days of
heatwave conditions. Conversely, Gdansk, Samsun, Sligo, and Oarsoal-
dea report the lowest duration of heatwave events, with 52, 50, 37, and
32 days, respectively. When examining cold spells, the variation in
duration between the first and second places is less pronounced. Beni-
dorm leads with 106 cumulative days of cold spells, followed closely by
Oarsoaldea with 72 days. Massa ranks third with 71 days, while Piran
records 61 days. Gdansk, Sligo, Dublin, and Samsun occupy the lower
positions in terms of cold spell duration, with 36, 37, 42, and 42 days,
respectively. Interestingly, it is evident that the frequency of heatwaves
and cold spells doesn’t necessarily correlate directly with the extremity
of temperature values in general. For example, Gdansk, known for
having the coldest recorded minimum low temperature, reports a rela-
tively lower frequency of cold spells. Moreover, coastal cities such as
Sligo, Dublin, Oeiras, Gdansk, and Samsun experience lower frequencies
of both heatwaves and cold spells. In contrast, Benidorm, Massa, and
Piran exhibit relatively higher frequencies of these events.

These findings emphasize that the occurrence and duration of heat-
waves and cold spells are influenced by a complex interplay of local
climate factors, and they do not necessarily align with the extremity of
temperature values alone. These phenomena not only impact the local
environment but also have significant implications for the residents and
various sectors operating within these cities. For instance, cities with
higher occurrences of heatwaves may need to prioritize public health
measures, such as heat action plans, to protect vulnerable populations
during extended periods of extreme heat. Conversely, regions experi-
encing frequent cold spells may require infrastructure and energy
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management strategies to ensure resilience in the face of cold-related
disruptions. Furthermore, it is essential to recognize that these varia-
tions in temperature extremes can influence urban planning, tourism
trends, and even agricultural practices. By understanding the intricacies
of heatwaves and cold spells within the context of specific coastal cities,
policymakers and stakeholders can make more informed decisions to
enhance climate adaptation and improve the overall quality of life for
their communities.

Remarkably, Sligo and Dublin, both located in Ireland, emerge as the
most exposed to these intense wind events, with a cumulative count of
119 and 103 strong wind occurrences, respectively (Fig. 5). These fig-
ures underscore the vulnerability of these regions to the fierce winter
storms that sweep across the Atlantic Ocean. Such exposure can pose
significant challenges, including infrastructure damage, power outages,
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and coastal erosion, necessitating robust resilience planning and pre-
paredness measures. Conversely, Gdansk and Oarsoaldea record
comparatively lower counts of 52 and 27 strong wind events, indicating
a relatively reduced exposure to extreme wind conditions during the
winter season. While these cities are not immune to the impacts of
winter storms, their lower exposure levels may mitigate some of the
associated risks. The remaining coastal cities in our study report oc-
currences of less than 10, underscoring their comparatively lower sus-
ceptibility to such potent wind gusts. This variance in exposure
highlights the diverse range of challenges faced by coastal communities
in Europe.

Sligo and Dublin, positioned along the Atlantic coast, consistently
experience a higher frequency of these events, potentially reflecting the
influence of Atlantic winter storms. This correlation invites further

Sligo Dublin e Vilanova i
LSI=18.1% LSl =0.2% P i‘[ la Geltru
. Lsi=38%
e \
) \
' \
\ \
1%
\
=
Esri UK, Esri, HERE, Instituto Geografico
Esri UK, Esri, HERE, Garmin, Foursquare, Nacional, Esri, HERE,
Garmin, FAO, NOAA, FAO, METI/NASA, Garmin, Foursquare,
) K USGS _— ) Kim USGS KMETI/NASA, USGS
0 375 75 0 5 10 0 BNiS a5
A
N Benidorm / 3 Oarsoaldea Oeiras
\ LSI=17.8% -~ LSl =41.0% _ LSI = 23.0%
! \\\ ,J/ .F" Y 3 ]
A N & -y - ' ‘ -
e 1“ S W Yt
&« L N Gl T \
4 .\, | J / ¥
\ & L ey ot 2 /
— r .
P \ i
v\ ) . P
Instituto Geografico r { f” Instituto Geografico ( i
Nacional, Esri, HERE, b f’\ o Nacional, Esri, HERE, v Instituto Geografico
& Garmin, Foursquare, ":3 Garmin, Foursquare, (J Nacional, Esri, HERE,
FAO, METI/NASA, FAO, METI/NASA, Garmin, Foursquare,
- K USGS - Ko USGS ) KIVIETI/NASA, USGS
0 5 10 0 5 10 0 4 8
Massa Piran Gdansk
LS| = 66.8% LS| = 38.0% LSI=0.0%
™=
) /.’r //
LY
y
GUGIK, Esri, HERE,
Esri, HERE, Garmin, Esri, HERE, Garmin, Garmin, Foursquare,
Foursquare, FAO, Foursquare, FAO, FAO, METI/NASA,
) K METI/NASA, USGS ) KGMETI/NASA, USGS _— ) K USGS
0 5 10 0 5 10 0 15 30
Study area Landslide susceptibility

Fig. 6. Landslide susceptibility indicator (LSI) measured as the percentage of the area corresponding to the landslide susceptibility levels 4 (high) and 5 (very high)
over the total area for the coastal cities of Sligo, Dublin, Vilanova i la Geltrd, Benidorm, Oarsoaldea, Oeiras, Massa, Piran and Gdansk. Data source: Giinther et al.

(2014) and Wilde et al. (2018).

12



E. Laino and G. Iglesias

investigation into the specific meteorological patterns that shape the
exposure of coastal cities to extreme winter winds, offering valuable
insights for climate resilience and risk mitigation strategies.

The calculation of susceptibility levels 4 (high) and 5 (very high) for
each coastal city, except for Samsun due to data limitations, provides
valuable insights into the potential landslide hazards faced by these
regions. When expressed as a fraction of the total city area (Fig. 6), this
indicator reveals a wide spectrum of susceptibility levels, ranging from
0.0% in Gdansk to a significant 66.8% in Massa. Remarkably, Massa
stands out with the highest susceptibility level, covering almost two-
thirds of its city area (66.8%), emphasizing the heightened landslide
risk in this region. Oarsoaldea (41.0%) and Piran (38.0%) also record
substantial values, underscoring the importance of landslide mitigation
efforts in these areas. In contrast, Oeiras (23.0%), Benidorm (17.8%),
and Sligo (18.1%) exhibit medium levels of susceptibility, indicating a
moderate but notable vulnerability to landslide hazards. These cities
would benefit from targeted measures to enhance their resilience against
potential landslide events. Conversely, Vilanova i la Geltra (3.2%),
Dublin (0.2%), and Gdansk (0.0%) report the lowest susceptibility
values, suggesting a relatively lower risk of landslides in these coastal
cities.

The varying degrees of landslide susceptibility among coastal cities
underscore the need for region-specific strategies to address this hazard
effectively. Cities with high susceptibility, such as Massa, may require
extensive measures to mitigate landslide risks and protect vulnerable
areas. Meanwhile, cities with medium susceptibility levels, like Oeiras,
Benidorm, and Sligo, should prioritize adaptive measures that balance
the potential risks and resources available. Lastly, cities with low sus-
ceptibility levels, including Vilanova i la Geltrt, Dublin, and Gdansk,
may still benefit from proactive planning and monitoring to ensure long-
term resilience.

4. Discussion

The integrated approach developed in this work provides valuable
insights into the multifaceted challenges faced by coastal cities in rela-
tion to climate-related hazards, ensuring that adaptation and resilience
strategies are not developed in isolation but are informed by a
comprehensive understanding of the local context (Tiwari et al., 2022).
The high-level characterisation of coastal hazards integrates a combi-
nation of indicators, including sea-level rise rates, extreme sea levels,
coastal erosion susceptibility, coastal flooding extents, and LECZ areas.
These results underscore the extent to which coastal cities are exposed to
sea-level rise and the potential for inundation and coastal erosion. The
comparison of the results between the coastal cities emphasizes the
acute exposure of some cities to these hazards, highlighting the urgent
need for proactive measures. Piran and Gdansk present the worst sce-
narios regarding areas exposed to coastal hazards, whereas the cities
situated along the Atlantic Ocean face higher water levels, which is
coherent with existing studies (Brecko Grubar et al., 2019; Lin-Ye et al.,
2020; Paprotny and Terefenko, 2017; Paranunzio et al., 2022). How-
ever, it is essential to emphasize that even in cities with lower exposure,
the potential impact of sea-level rise should not be underestimated,
warranting continuous monitoring and adaptive planning (Irene et al.,
2010).

Nonetheless, the selection of optimal return periods and percentiles
for the previous indicators is a pivotal consideration for further analyses
(Tu et al., 2017). Generally, shorter return periods, such as 2, 5, or 10
years, serve to evaluate the city’s susceptibility to more frequent yet less
severe surge events, making them instrumental in assessing vulnera-
bilities in infrastructure and property for common coastal flooding oc-
currences. Conversely, longer return periods, such as 25, 50, or 100
years, are employed to address less frequent but more intense surge
events, playing a pivotal role in the design and fortification of critical
infrastructure against rare, high-impact events. The selection of the most
suitable return period should be underpinned by an intricate evaluation
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of factors including risk tolerance, financial constraints, and the criti-
cality of assets and human populations exposed to the ESLs (Keighley
et al., 2018). For instance, a comprehensive risk assessment necessitates
the consideration of multiple return periods to encapsulate the spectrum
of plausible ESL scenarios.

This work recognises the role of indicators that may appear non-
correlated or less directly relevant to coastal hazards yet significantly
influence policy-making processes. The developed indicators include
broader climate-related hazards not exclusive to coastal contexts,
namely heavy rainfall, land flooding, droughts, extreme temperatures,
heatwaves, cold spells, landslides, and strong winds. As these hazards
also affect urban resilience, infrastructure vulnerability, and community
preparedness, the approach enables well-rounded policy responses, by
covering a diverse spectrum of climate-related hazards inherent in urban
coastal environments (Paranunzio et al., 2024).

In cities covered by the data, flood extents and water depths have
been combined to assess river flooding hazard. While it is important to
note that this reference dataset does not encompass flooding events in
areas with narrow watercourses or ravines (Laino and Iglesias, 2023c), i.
e., Benidorm (Sanchez-Almodovar et al., 2023), the findings are still
illuminating. These values facilitate a direct comparison of river flood
hazards among these cities, highlighting the historical prominence of
river flooding hazards in Dublin, Gdansk, and Samsun (Demir and Kisi,
2016; Marosz, 2007; Paranunzio et al., 2022). This underscores the
continued relevance of this indicator for assessing and addressing river
flood hazards.

The analysis of days with daily precipitation exceeding 20 mm be-
tween 1981 and 2019 offers valuable insights into the susceptibility of
coastal cities to heavy rainfall events. Some cities, such as Massa, Piran,
and Oarsoaldea, experience a higher frequency of these events, while
others like Gdansk, Benidorm, and Dublin record lower occurrences
(D’Amato Avanzi et al., 2013; Rivas et al., 2020; Sacchi, 2012). While
overall trends remain relatively stable, the slight uptick in heavy rainfall
events in Dublin and Benidorm suggests the need for continued moni-
toring and adaptation strategies to address potential increases in
extreme precipitation in these regions (Martinez-Ibarra, 2015). It is
important to note that these findings emphasize the diversity in heavy
rainfall exposure among coastal cities. Researchers may also want to
examine factors like the intensity, duration, and spatial extent of heavy
rainfall events to gain a more comprehensive understanding (Espinosa
et al., 2022; Ishida et al., 2018).

In our approach, the SPI-3 values enabled us to discern periods of
below-average precipitation, subsequently identifying and tallying the
months characterized by meteorological drought conditions for each
city (Trinh et al., 2017). Coastal cities like Oeiras, Sligo, and Piran
exhibit substantial counts of months falling under these defined drought
conditions (Cunha et al., 2018; Santos et al., 2010). While some cities
experience an increase in drought events, others, like Benidorm,
Gdansk, and Samsun, report lower counts and even a decline in drought
months. These findings emphasize the need for proactive drought
management strategies in cities with increasing drought trends, while
also highlighting the decrease of drought risk in others. While the SPI-3
with a threshold of —1 is a widely accepted criterion, it is important to
note that the choice of threshold can influence the identification of
drought events. The appropriateness of this indicator may vary
depending on the specific research objectives and the regional climatic
characteristics of the study area (Liu et al., 2019). Therefore, its usage in
this study was contingent upon its applicability to the context of the
investigation and the availability of relevant data. Additionally, the
spatial resolution of 1° in the SPI-3 data may smooth out local variations
in drought conditions. These limitations should be considered when
interpreting the results.

The measurement of extreme temperatures using relative thresholds
from daily minimum and maximum temperature values permits the
assessment and comparison of changes in unusually warm or cold days
at different locations, independently of the baseline climate. These
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thresholds take into account the local climate and variations, making
them a valuable tool for assessing climate-related risks and vulnerabil-
ities. Results highlight the climatic diversity across the coastal cities
(from the highest maximum temperature of 38.2 °C in Oeiras to the
coldest minimum temperature of —16.3 °C in Gdansk) (Dessai, 2003).
Similarly, the analysis of heatwaves and cold spells in this study focuses
on instances when daily maximum and minimum temperatures surpass
these relative thresholds. Some cities, like Piran and Massa, experience a
high duration of heatwave conditions, while others, such as Gdansk and
Sligo, record lower occurrences. Results show that the frequency and
duration of heatwaves and cold spells are influenced by complex local
climate factors, and they do not necessarily correlate directly with the
extremity of temperature values alone.

In assessing landslide hazards among diverse coastal cities, the
application of susceptibility levels 4 (high) and 5 (very high) as a rela-
tive fraction of total city area serves as a practical and informative tool
for comparison. By quantifying the proportion of city area with higher
susceptibility, we can readily identify regions most exposed, such as
Massa and Oarsoaldea (D’ Amato Avanzi et al., 2013; Nardi and Rinaldi,
2015; Rivas et al., 2020). Other cities exhibit varying degrees of land-
slide susceptibility, emphasizing the need for region-specific strategies
to address this hazard effectively. This comparative approach aids in
prioritizing resources, targeting mitigation efforts, and guiding policy
decisions tailored to the specific landslide risk profiles of each coastal
city.

The determination of the frequency and spatial distribution of wind
events exceeding the defined threshold in close proximity to the selected
coastal cities facilitated a high-level evaluation of their exposure to
strong winds during the winter season. Sligo and Dublin, situated along
the Atlantic coast, experience a notably higher frequency of strong wind
events, potentially reflecting the influence of Atlantic winter storms.
This correlation invites further investigation into the specific meteoro-
logical patterns that shape the exposure of coastal cities to extreme
winter winds, offering valuable insights for climate resilience and risk
mitigation strategies.

The importance of differentiating between densely built and non-
built coastal zones is recognized, as urban density significantly in-
fluences the vulnerability and potential impacts of coastal hazards. The
selection of cities within this study was designed to encompass a broad
spectrum of urban settings, ranging from densely populated metropol-
itan areas to less developed coastal regions. This strategy ensures the
applicability of the findings across diverse urban contexts, offering in-
sights into the general exposure to coastal hazards. However, it is
acknowledged that the methodology primarily focuses on the delinea-
tion and analysis of physical climate-related hazards. While urban
density and land use patterns are crucial for a comprehensive under-
standing of vulnerability and exposure to these hazards, such indicators
were not the central focus of this research. The emphasis was placed on
establishing a baseline understanding of hazard prevalence and in-
tensity, crucial for initiating the broader process of risk assessment.
Future research is suggested to expand on the findings by incorporating
detailed assessments of vulnerability and exposure. These should
include considerations of urban density, infrastructure resilience, pop-
ulation dynamics, and socio-economic factors to provide a holistic risk
profile for coastal cities. By concentrating on hazard identification and
characterization, this study contributes to the foundational knowledge
required for more detailed analyses of vulnerability and exposure. It lays
the groundwork for subsequent research to integrate urban density
considerations, among other factors, thereby enhancing strategies for
risk reduction and resilience improvement in coastal urban
environments.

5. Conclusions

The indicator-based approach devised in this work enables multiple
climate-related hazards to be compared in ten European coastal cities in
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a systematic, standardized manner. The comparison and contrast of the
findings from different types of coastal cities allows for the identification
of commonalities and differences, recognition of patterns, and devel-
opment of a more comprehensive understanding of climate-related
hazards on regional or national scales. Leveraging the influence of
climate-related hazards enables policymakers, urban planners, and
communities to make well-informed decisions regarding urban plan-
ning, land-use management, infrastructure development, adaptation
strategies and disaster risk reduction (Ouyang et al., 2016).

The methodology presented herein is founded on a series of hy-
potheses tailored to the unique challenges that coastal cities face in
relation to climate-related hazards. First, the coastal cities are collec-
tively and systematically examined, enabling decision-making bodies to
discern varying climate-related hazards and prioritize budget allocation
based on the degree of exposure. By applying this methodology,
decision-makers can efficiently identify the specific needs of each
coastal city and allocate resources more effectively to mitigate potential
hazards. This hypothesis implies that the methodology encompasses
various coastal cities concurrently. Conversely, the methodology is not
devised to evaluate the coastal cities in isolation; rather, its purpose is to
compare climate-related hazards among them. Consequently, this
approach is not aimed at detailed local studies.

Second, the methodology concentrates on the coastal cities them-
selves. Numerous indicator-based approaches have been developed to
appraise extensive coastal regions, rather than specifically focusing on
coastal cities. The methodology described in this work is explicitly
devised for assessing coastal cities and their associated coastal areas.
This methodology permits the incorporation of specific aspects unique
to the coastal cities, which might otherwise be disregarded. These as-
pects include the different characteristics of the cities (size, morphology,
population, urbanization, ecosystems, etc.), current state of the related
literature, involvement of local expertise, identification of key climate-
related hazards and consideration of local coastal adaptation planning,
among others.

Third, the methodology is suitable for evaluating multiple climate-
related hazards. This suitability arises from the fact that the coastal
cities encompass diverse climatic regions, resulting in variations in
climate-related hazards among them. Consequently, the proposed set of
indicators captures essential aspects related to hazard exposure for each
selected coastal city and climate-related hazard. These indicators are
meticulously designed to be applicable elsewhere, allowing for stan-
dardized comparisons across different geographical contexts.

Fourth, the availability of data is very heterogeneous between the
coastal cities. In certain instances, global datasets have been utilized to
construct these indicators. However, it should be noted that the spatial
resolution and uncertainty of the global datasets may be insufficient for
the study areas with limited geographical coverage, such as Vilanova i la
Geltrd, Benidorm, and Massa.

Fifth, the methodology allows for refinement. In this process, a set of
indicators is employed to evaluate the different coastal cities collec-
tively. In future stages, the weights assigned to these indicators may be
adjusted by each coastal city according to their individual criteria, or
even new indicators may be introduced. Furthermore, if higher-
resolution datasets become available, the indicators can be assessed
with increased precision. Consequently, the methodology can be
continuously improved, while the level of detail can be increased.

Finally, it is crucial to recognize that the evaluation is characterized
by a high-level approach based on indicators. Conducting a thorough
evaluation of each city would necessitate an exhaustive study incorpo-
rating localized data, climate models, and assessments by local author-
ities (Tansel, 1995). The information provided herein serves as a general
basis for comparison. Notwithstanding, the application of the proposed
methodology can serve as a basis for further quantitative assessments.
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