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ARTICLE INFO ABSTRACT

Keywords: As climate change intensifies, European coastal cities face escalating risks from multiple climate-related hazards.
Climate change extreme impacts Addressing these challenges requires capturing the multifaceted nature of climate risks adequately. This paper
Coastal flooding presents a novel multi-hazard risk assessment methodology for European coastal cities, which integrates in-

Coastal erosion

Coastal cities
Multi-hazard assessment
Risk assessment

dicators of hazard, exposure, sensitivity, and adaptive capacity. It advances beyond existing models by incor-
porating a wide array of climate-related hazards and significant indicators. Applied to six diverse coastal cities
across different climatic zones and urbanization levels, the methodology proves robust and versatile, offering a
comprehensive approach to understanding climate risks. Findings reveal that Varna has the lowest hazard score
compared to other cities. Cork and Viana do Castelo are significantly affected by coastal hazards, while La Spezia
exhibits very low coastal hazard scores but high land hazard scores. The exposure component ranges between
medium and low values, with a maximum in Klaipeda and a minimum in Viana do Castelo. In terms of
vulnerability, Viana do Castelo and Bergen stand out, while Cork exhibits the lowest score. Finally, risk presents a
balanced landscape, where cities with the highest scores in hazard and exposure also exhibit the lowest levels of
vulnerability and vice versa. The discussion on policy implications advocates for participatory resilience-
building, leveraging new technologies and non-traditional indicators to enhance urban adaptive capacity. The
granularity and specificity inherent to the proposed methodology offer a tool to compare and identify high-risk
cities systematically, allowing for a more informed and targeted approach to resilience building and strategic
allocation of often limited resources.

the DIVA model from the Global Climate Forum, constitute benchmarks
in this field. CLIMADA integrates hazard, exposure, and vulnerability
data to quantify and monetize natural disaster impacts (Aznar-Siguan
and Bresch, 2019), while DIVA focuses on the socio-economic and bio-
physical consequences of sea-level rise and socio-economic development
(Fang et al., 2020; Hinkel and Klein, 2009). Additionally, DELTARES
models provide invaluable insights into coastal dynamics and flood risk
management through detailed physical simulations — methodologies
highly relevant to the European coastal context.

Specifically tailored to European coastal cities, EUROSION offers
detailed analyses of coastal erosion processes, providing essential
guidelines for coastal zone management in Europe. Costs from diverse
hazards are assessed in the ConHaz project. The focus on urban climate
change adaptation and mitigation of the RAMSES Project, including
cost-benefit analysis tools, is particularly relevant for city planners.
Moreover, initiatives like the BRANCH Project and the OPERR frame-
work address biodiversity impacts and ecological forecasting, including

1. Introduction

In the face of escalating climate change impacts (Bergillos et al.,
2020; Costa et al., 2023; Li et al.,, 2021; Vousdoukas et al., 2020;
Zscheischler et al., 2018), multi-hazard risk assessments (MHRA) have
become essential to understanding and mitigating the diverse threats
posed by climate-related hazards (Elliott et al., 2014; Hu et al., 2023;
Koks et al., 2019; McEvoy et al., 2021). These assessments typically
employ index-based approaches, recognized for their robustness in
calculating risk as a function of hazard, exposure, and vulnerability, in
line with recommendations from the Intergovernmental Panel on
Climate Change (Williams et al., 2018). A variety of models and
frameworks have been developed to address these challenges, each of-
fering distinct methodologies and insights (Gallina et al., 2016; Owolabi
and Sajjad, 2023; Tang et al., 2013).

Globally recognized models, such as CLIMADA by ETH Zurich and
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Acronyms

C3S CDS Copernicus Climate Change Service Climate Data Store
EDO European Drought Observatory

ESL Extreme Sea Level

GDP Gross Domestic Product

IPCC Intergovernmental Panel on Climate Change
JRC Joint Research Centre

LECZ Low-Elevation Coastal Zone

LULC Land Use and Land Cover

MMU Minimum Mapping Unit

MSL Mean Sea Level
OSM OpenStreetMap

riverine discharges — essential aspects of coastal management in Europe.
The European Climate Adaptation Platform (Climate-ADAPT) and the
ESMERALDA Project further enrich this landscape by offering resources
for climate adaptation planning and ecosystem services assessment,
which are crucial for holistic urban and environmental planning in
coastal areas.

Amidst these advancements, the SCORE project emerges as a pivotal
initiative, aiming to co-create climate change adaptation and resilience
strategies in coastal cities (Laino and Iglesias, 2023a; Tiwari et al.,
2022). This endeavour is achieved through collaborative participation
between public institutions, research centres, decision-making, and
operational bodies, all centred around the novel concept of the Coastal
City Living Lab. This approach to tackling the challenges posed by
climate change, especially in terms of sea-level rise and climate-related
hazards, necessitates effective communication and decision-support
tools (Kerguillec et al., 2019). Such tools are crucial for fostering
collaboration among stakeholders, enabling informed decision-making
and the development of innovative solutions tailored to the unique dy-
namics of coastal urban environments (Elrick-Barr et al., 2024;
McKinley et al., 2021; Measham et al., 2011).

In this context, academic research offers noteworthy examples of
approaches addressing multiple climate-related hazards in Europe. Lung
et al. (2013) combined indicators of climatic and non-climatic change to
assess regional-level impacts in Europe. Their indicator-based frame-
work integrates climate models with socio-economic data to quantify
changes in heat-related, river flooding and forest fire hazards. Crespi
et al. (2020) offer a comprehensive analysis of climate-related hazard
indices in Europe, selecting 32 indices using a wide array of data from
the Copernicus Climate Change Service Climate Data Store (C3S CDS),
including E-OBS (daily gridded observation dataset over Europe), ERAS
(fifth generation ECMWF atmospheric reanalysis of the global climate),
ERA5-Land (enhanced resolution ERAS5 for land variables), UERRA
(regional reanalysis of near-surface variables for Europe), CMIP5 (fifth
phase of the Coupled Model Inter-comparison Project), CORDEX
(regional climate model data for Europe), and other key index datasets
described in the report. The methodical approach in compiling and
analysing these indices provides a solid foundation for future research
on climate-related hazards in Europe. Hincks et al. (2023) develop a new
typology of climate risk at NUTS3 level under the call of IPCC for
sub-national climate change risk awareness. They use K-means clus-
tering to analyse 49 variables, creating a detailed classification that
highlights the varying climate change risks across Europe.

In the international context, Binita et al. (2021) developed a climate
risk index for the United States at the county level for some
climate-related hazards. They combined high-resolution downscaled
climate projections and indicators of exposure and vulnerability to es-
timate future climate risks for planning and implementing targeted
adaptation strategies at the local level. Tiepolo et al. (2019) emphasize
the importance of combining local and scientific knowledge in assessing
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multi-hazard risks in Mauritania. Their approach integrates community
input with scientific data to assess risks and propose appropriate risk
treatment actions. Araya-Munoz et al. (2017) and Pourghasemi et al.
(2019) further contribute to the methodological diversity in this field,
highlighting the benefits of innovative and data-driven approaches. The
former uses spatial fuzzy logic modelling to assess multiple hazards in
Chile, while the latter develops a multi-hazard probability map for Iran
using a novel ensemble model.

The increasing impacts of climate change necessitate comprehensive
multi-hazard risk assessments (MHRA) to understand and mitigate the
diverse threats posed by climate-related hazards While numerous
studies have focused on climate-related indices in Europe, a significant
gap remains in the development of cross-regional methodologies that
address the full spectrum of climate-related hazards, particularly in
coastal cities (Kappes et al., 2012; Laino et al., 2024; Owolabi and Saj-
jad, 2023). These cities, which are central to societal and economic
well-being, face compounded risks where land and coastal hazards
converge, further exacerbated by climate change (Beden and Ulke,
2020; Colten et al., 2022; Espinosa et al., 2022; Toledo et al., 2022).
Current models and frameworks provide valuable insights but do not
fully address the unique dynamics of coastal urban environments.
Additionally, there is a notable lack of cross-regional comparative
studies, which limits the ability to benchmark and implement targeted
interventions across different coastal cities (Laino et al., 2024). Effective
risk assessment and management in these coastal regions are critical yet
challenging.

In this context, this study sets out with several research objectives. It
aims to provide a set of critical climate-related indicators necessary for a
comprehensive multi-hazard risk assessment in European coastal cities,
covering a wide variety of climate-related hazards. The methodology
involves leveraging a rich array of indicators for hazard, exposure, and
vulnerability in a systematic and standardized approach that builds on
current risk assessment practices and facilitates more effective climate
adaptation strategies. Furthermore, it is designed to allow for compar-
ative baseline analysis across European coastal cities, providing a unique
opportunity for benchmarking and collaborative resilience-building ef-
forts (Glavovic et al., 2022; Wright et al., 2015). To demonstrate its
applicability and effectiveness in varied regional contexts, the proposed
methodology is tested in six diverse European coastal cities, contributing
reliable insights across different urban environments. The ultimate goal
is to form the foundation for a decision-support tool designed for poli-
cymakers and urban planners, enabling them to prioritize coastal
management actions based on the severity and urgency of the specific
risks faced by each city.

2. Materials and methods
2.1. Risk framework

In this study, the conception of risk follows the risk assessment
framework developed by the Intergovernmental Panel on Climate
Change (IPCC) (IPCC, 2014). At the core of this framework is the concept
that risk is a function of hazard, exposure, and vulnerability. Hazards
refer to climate-related physical events or trends, such as extreme
weather events or long-term shifts in climate patterns. Exposure denotes
the presence of populations, ecosystems, or assets in places that could be
adversely affected by these hazards. Vulnerability involves the sensi-
tivity and adaptive capacity of these systems, highlighting their pro-
pensity to suffer harm. This paradigm is applied here by developing a
series of indicators that capture the different elements of risk, allowing
for a detailed and systematic evaluation of diverse climate-related
threats. By systematically integrating these elements, the framework
provides a structured approach to risk assessment, enabling policy-
makers and stakeholders to prioritize actions that enhance resilience
and reduce vulnerability to climate change. Fig. 1 illustrates the rela-
tionship between the indicators developed in this study and their
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Hazard

Area susceptible to landslides

Land flooding area

Yearly averaged number of strong wind events
Yearly averaged number of heavy rainfall events
Extreme high temperature threshold

Extreme low temperature threshold

Yearly averaged number of heatwave days
Yearly averaged number of cold spell days
Yearly averaged number of drought months
Mean sea-level rate

Coastline length undergoing erosion
Significant wave height
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Exposure
Total area

Population density

Residential area

Critical infrastructure area
Transportation infrastructure area
Agriculture area

Forest area

Wetland area

LECZ area

Residential area (LECZ)

Critical infrastructure area (LECZ)
Transportation infrastructure area (LECZ)

Agriculture area (LECZ)
Surge lev'el L Forest area (LECZ)
Annual highest high tide Wetland area (LEC)

Risk

Presence of power plant
Presence of airport
Presence of port
Presence of railway station Open areas
Presence of power plant (LECZ) Open areas (LECZ)
Presence of airport (LECZ) GDP per capita
Presence of port (LECZ) Economically active population
Presence of railway station (LECZ) Higher education
Population over 65 years old
Population under 5 years old
e Vulnerability

Sensitivity

Adaptive capacity

Fig. 1. Relationship between developed indicators and corresponding risk parameters.

corresponding risk parameters, which is detailed hereinafter.

2.2. Selection of indicators

The indicators for developing the MHRA were devised by means of a
methodological framework designed to ensure robustness, relevance,
and operational practicality. This framework was built on the pillars of
comprehensive literature review, local engagement, and stringent
evaluation criteria addressing both conceptual and technical aspects.
Each step in the selection process was informed by the overarching goal
to effectively measure and interpret climate-related hazards, taking into
account the inherent complexities and specificities in the context of
coastal cities across Europe.

A thorough review of academic literature, policy documents, and
grey literature was conducted to gather a broad spectrum of perspectives
on the risk elements including hazard, exposure, sensitivity, and adap-
tive capacity (Laino and Iglesias, 2023b, 2023c). Data sources were
evaluated for their credibility, relevance, and compatibility with the
objectives of the study. This involved an assessment of data repositories
at both European and international levels to ensure comprehensive
coverage.

Engagement with local expertise through the SCORE project was
integral to the process, ensuring that the selection of indicators reso-
nated with the practical needs and insights of those actively involved in
climate risk management (Laino and Iglesias, 2023a; Paranunzio et al.,
2024). Workshops and meetings provided platforms for discourse,
allowing for the refinement of the role of the new methodology, meth-
odological development, and the contextualization of future outputs.

Conceptual relevance was a primary criterion, ensuring that each
selected indicator aligned effectively with the identified risk themes:
hazard, exposure, sensitivity, and adaptive capacity. Technical robust-
ness was assessed based on several parameters including data avail-
ability at the required spatial unit (e.g., city-scale), clarity and
comparability of definitions, transparency in data collection methods,

continuity in methodologies, relevance, and the presence of appropriate
time series data.

The definition of thresholds, whether fixed or percentile-based, was
carefully considered, acknowledging the advantages and drawbacks of
each approach. The temporal and spatial resolution of data was aligned
with the characteristic scales of the climate-related hazards under study,
ensuring that the indices could effectively capture and represent local-
ized and short-term hazard events.

The complexity involved in computing each indicator was evaluated,
with a preference for indices that, while comprehensive, remained
interpretable and feasible in terms of data requirements. The robustness
of each index was critically assessed, taking into account uncertainties in
threshold choices, model data, and the practical implications of spatial
resolution mismatches.

The operationalization of indices was tailored to specific applications
and end-user requirements. This involved thoughtful considerations
regarding the choice of reference periods, climate scenarios, and visu-
alization elements. The selection process was dynamic, allowing for
adjustments and refinements to ensure that the indices remained rele-
vant and practical for policymaking, planning, and climate risk mitiga-
tion efforts.

2.3. Study cases

Six diverse coastal cities were selected representatives of different
climate zones, seas, existing academic results, degree of urbanization
and Gross Domestic Products (GDP). The geographic characterization of
selected coastal cities was conducted using a combination of datasets.
The extents of urban areas were delineated utilizing the Urban Atlas
2012 dataset, which provides detailed land use and land cover data
across European cities. This dataset was employed to define the city
extents, aligning them with the respective administrative boundaries.
For the cities of Bergen, Klaipeda, La Spezia, and Viana do Castelo, the
city extents were matched with their municipality-level boundaries. In
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the cases of Cork (reflecting the pre-2019 administrative structure) and
Varna, the extents were aligned with the boundaries defined at the city
council level.

The Low-Elevation Coastal Zone (LECZ) - land located below 10 m
and contiguous to the sea — was delineated using the high-resolution
MERIT DEM (MacManus et al., 2021; Yamazaki et al., 2017), identi-
fying areas most exposed to coastal hazards. Specific coordinate points
were sourced from OpenStreetMap (OSM), a comprehensive
open-source mapping platform, for later calculations. The retrieval of
these coordinates was facilitated by the geopy library, a Python-based
toolset designed for geocoding, which enabled efficient extraction and
manipulation of geospatial data from OSM. This integration of datasets
provided a robust framework for the comprehensive geographic char-
acterization of the selected coastal cities, as depicted in Fig. 2.

2.4. Climate-related hazards indicators

The methodology is characterised for evaluating a comprehensive
suite of climate-related hazards. These hazards, which are outlined in
Table 1, encompass sea-level rise, coastal and land flooding, coastal
erosion, heavy rainfall, droughts, extreme temperatures, heatwaves,
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cold spells, strong winds, and landslides. The indicators are the result of
integrating insights from leading sources and contemporary studies,
specifically designed for the European setting (Laino and Iglesias, 2024).
Initially, the Sixth Assessment Report by the IPCC was utilized as a key
document (Ranasinghe et al., 2021), presenting a detailed categoriza-
tion of climate-related phenomena, which lays the groundwork for
recognizing potential threats to coastal areas.

Subsequently, the process of refining the indicators was guided by
insights from the European Topic Centre on Climate Change Impacts,
Vulnerability, and Adaptation. This body assesses and ranks climate
hazard indices for Europe, considering their importance, relevance to
adaptation, availability of data, and the reliability of that data (Crespi
et al., 2020). The goal is to develop indicators that are uniformly and
systematically applicable to the European coastal context.

The methodology is also informed by and contributes to recent
research that utilizes hazard indicators. Studies by Lung et al. (2013)
and Hincks et al. (2023) examine various hazards such as coastal threats,
extreme temperatures, precipitation events, floods, droughts, and
landslides for regional risk evaluations in Europe. The recent study by
Laino and Iglesias (2023c), which merges a review of the existing
literature with feedback from stakeholders in the target cities, offers
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Fig. 2. Study areas, including city boundary and low-elevation coastal zone. Data source: OpenStreetMap, Urban Atlas 2012 and Yamazaki et al. (2017).
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Table 1

Indicators assessing the risk component of hazard, including spatial and tem-

poral resolution and data source.

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

Storm surge
level (m)

Significant
wave height

(m)

Peak wave
period (s)

Annual
highest high
tide (m)

Coastline
length
undergoing
erosion (%)

Land flooding
area (%)

Heavy rainfall
frequency
(day/year)

Drought
frequency
(month/
year)

Extreme high
temperature
threshold
(9]

Extreme low
temperature
threshold
(§9)]

Heatwave
frequency
(day/year)

Cold spell
frequency
(day/year)

0.1-degree
grid; Europe

0.1-degree
grid; Europe

0.1-degree
grid; Europe

0.1-degree
grid; Europe

200 m; Europe

100 m; Europe
and its
surrounding
areas

0.25-degree;
Europe

1-degree;
global

0.25-degree;
Europe

0.25-degree;
Europe

0.25-degree;
Europe

0.25-degree;
Europe

1995-2014
baseline

Value
corresponding to
the 50th percentile
of the 50-year
return period from
2001 to 2017
ERAS reanalysis
Average value
between the 90th
and 100th
percentiles from
2001 to 2017
ERAS reanalysis

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

Value
corresponding to
the 50th percentile
of the 50-year
return period from
2001 to 2017
ERADS reanalysis
Single values
reflecting
conditions up to
the early 2000s
Values for the 100-
year return period
based on daily
river flows
between 1990 and
2016

Day; 1981-2019

Month;

1981-2020

Day; 1981-2020

Day; 1981-2020

Day; 1981-2020

Day; 1981-2020

Garner et al., 2021;
Intergovernmental
Panel on Climate
Change, 2023; Kopp
et al., 2023)
Indicators of water
level change for
European coasts in the
21st Century (Caires
and Yan, 2020;
Hersbach et al., 2020;
Yan et al., 2020)
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)
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)
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)
Eurosion (Lenotre

et al., 2004)

River flood hazard
maps for Europe and
the Mediterranean
Basin region (Dottori
et al., 2021)

Extreme precipitation
risk indicators for
Europe and European
cities from 1950 to
2019 (Hersbach et al.,
2020; Mercogliano

et al., 2021)

Global Drought
Observatory (
European Commission
and Joint Research
Centre (JRC), 2021)
European Drought
Observatory (Lavaysse
et al., 2018)

European Drought
Observatory (Lavaysse
et al., 2018)

European Drought
Observatory (Lavaysse
et al., 2018)
European Drought
Observatory (Lavaysse
et al., 2018)
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Table 1 (continued)

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

essential perspectives on local views of climate-related risks. This
methodology ensures that the approach is anchored in the most recent
scientific findings while also catering to the unique challenges and
concerns of coastal cities in climate change adaptation.

Sea-level rise rates for 2020 were estimated using the NASA Sea-
Level Projection Tool against a 1995-2014 baseline within the SSP2-
4.5 scenario (Garner et al., 2021; Intergovernmental Panel on Climate
Change, 2023; Kopp et al., 2023). Extreme sea-level events, crucial for
coastal flooding analysis (Almar et al., 2021; Hay et al., 2015; Kulp and
Strauss, 2019; Wahl et al., 2017), were characterized by the significant
wave height (Hs), the storm surge level and the annual highest high
astronomical tide, based on their probability distributions derived from
the ERA5S reanalysis dataset (Caires and Yan, 2020; Hersbach et al.,
2020; Yan et al., 2020). The proportion of coastline experiencing erosion
was determined with data from the Eurosion project, considering the
total coastline length (Lenotre et al., 2004). For pluvial flooding, annual
average precipitation events exceeding a 20 mm threshold were aver-
aged from the dataset “Extreme precipitation risk indicators for Europe
and European cities from 1950 to 2019” (Mercogliano et al., 2021).
River flooding was estimated by quantifying the extents associated with
the centennial return period, informed by dataset “River flood hazard
maps for Europe and the Mediterranean Basin region” (Dottori et al.,
2021). Meteorological drought hazard was evaluated using the SPI-3
index (McKee et al.,, 1993), identifying monthly values below —1
throughout the 1991-2020 period (WMO, 2012). The assessment of
extreme temperatures involved percentile-based thresholds (99th for
high and 1st for low) from daily temperature records during key sea-
sonal windows for the baseline period 1981-2000 (Crespi et al., 2020).
Heatwaves and cold spells were quantified by the annual average of days
from the periods of at least three consecutive days when the daily
maximum or minimum temperature exceeded the previous extreme
temperature thresholds (Crespi et al., 2020). Storm impact was studied
through the annual frequency of strong wind gusts (defined as the
maximum 3 s 10 m wind gusts over a 72-h period) exceeding 20 m/s,
reflecting the North Atlantic storm influence, based on data from the
ERAS reanalysis from C3S CDS (Copernicus Climate Change Service and
Climate Data Store, 2022; Hersbach et al., 2020). Landslide suscepti-
bility was estimated based on the ELSUS v2 dataset, focusing on areas
classified as ‘high’ or ‘very high’ in susceptibility. These areas were
computed and expressed as a percentage of the total city area. While
these indicators provide robust measures for various climate-related
hazards, it is important to note that they do not fully capture the en-
tirety of each hazard. The complexity and multifaceted nature of
climate-related risks mean that some aspects may not be fully repre-
sented by the selected indicators.

2.5. Land cover and land use indicators

Land use and land cover (LULC) indicators are widely recognized for
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providing fundamental insights into the physical, environmental, and
socioeconomic aspects of coastal cities, which are essential for a
comprehensive risk assessment (Alessandrini et al., 2024; Magarotto
et al., 2017; Wang, 2024). LULC distribution has been thoroughly
investigated utilizing the Urban Atlas 2012 dataset (Copernicus Land
Monitoring Service, 2012), due to its comprehensive coverage of Euro-
pean cities, regular updates, and a level of precision deemed appropriate
for this study. Urban Atlas classifies cities in 17 urban classes with a
Minimum Mapping Unit (MMU) of 0.25 ha and 10 Rural Classes with a
MMU of 1 ha in 2012, with high thematic accuracy.

For tailoring this dataset to the risk assessment framework, we
reclassified the default categories in Urban Atlas. This reclassification
involved accounting for areas covered by residential uses, critical
infrastructure, agriculture, open spaces, natural vegetation, wetlands,
water bodies and other miscellaneous uses. These area calculations were
executed for both the entire study region and the LECZs to generate
standardized indicators allowing for cross-city comparisons. The
computed areas are expressed as percentages of the total city area or the
LECZ, respectively. The indicators are compiled in Table 2, detailing
their respective contributions to risk.

2.6. Presence of critical infrastructure elements

In the realm of disaster risk assessment, the spatial distribution of
critical infrastructure within hazard-prone areas is a paramount factor
for determining urban sensitivity (Klein and Nicholls, 1999). Examples
of common elements which are essential for the functioning of a city
include, but are not limited to, hospitals, educational centres, water
treatment facilities, public buildings, cultural heritage sites, and emer-
gency services. A high concentration of such infrastructure signifies
heightened sensitivity since any damage or disruption can lead to sig-
nificant detriments to societal functions (Rodriguez-Delgado et al.,
2020). In developing a methodology tailored to coastal cities, it is a
reasonable assumption that these locales encompass the majority, if not
all, of these critical infrastructure elements.

Nevertheless, it is crucial to identify that certain critical infrastruc-
ture components, such as power generation plants, ports, airports, and
railway stations, may not be as uniformly present across coastal cities.
The occurrence and operational capacity of these elements vary
considerably and can profoundly influence the risk profile of cities
(Chang et al., 2013; Pal et al., 2023; Pant et al., 2016). The presence of
these less ubiquitous yet highly significant infrastructural components
have been evaluated for each city under study, both for the total city
area and the LECZ, providing a set of indicators for sensitivity within the
risk analysis framework. Data on the location and spread of such
infrastructure has been retrieved from OSM. The indicators consist of a
series of binary variables that indicate the presence or absence of a
power plant, airport, port, and railway station within the total city area
and the LECZ. These indicators are integral to understanding the po-
tential impact of disasters on critical urban systems and the cascading
effects on the broader socio-economic landscape.

2.7. Socioeconomic indicators

Socioeconomic indicators are fundamental in the context of risk
assessment, particularly within coastal urban environments, where the
interplay of human and environmental factors is most pronounced
(Liickenkotter et al., 2013). These indicators provide critical insights
into the demographic composition, economic stability, and social
infrastructure of communities, factors that collectively define the
vulnerability and adaptive capacity of urban populations to
climate-related hazards. Population density, age distribution, workforce
engagement, and educational attainment are among the key variables
that influence the resilience of communities, shaping their ability to
prepare for, respond to, and recover from adverse climatic events. In-
clusion of these indicators in risk assessment frameworks allows for a
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Table 2
Indicators relating to land cover and land uses measured over total city area and
LECZ.

Indicator Units  Coverage Parameter of UA

risk coding

Residential area % Areas with Exposure 11100,
predominant 11210,
residential use 11220,

11230,
11240
and

11300

Open areas % Green urban areas, Vulnerability 14100,
sports and leisure (adaptive 14200,
facilities and open capacity) 33000
spaces with little or
no vegetation

Transportation % Areas associated to Exposure 12210,

infrastructure road, railway, port 12220,
and airport 12230,
infrastructure 12300
and
12400
Other critical % Healthcare facilities, ~ Exposure 12100
infrastructure water and
wastewater
treatment plants,
communication
infrastructure,
power plants,
emergency services,
military facilities,
educational
institutions, cultural
heritage sites,
industrial and
commercial areas
and other public,
and private services
not related to the
transport system
Agricultural % Areas with Exposure 21000,
area predominant 22000,
agricultural use 23000
and
24000
Natural % Forest and Exposure 31000
vegetation herbaceous and
area vegetation 32000
associations

Wetland area % Inland and coastal Exposure 40000
wetlands.

Water bodies % Sea, lakes, fish Exposure 50000
ponds, rivers and
canals.

Other areas % Mineral extraction, Not scored 13100,
dumping sites and 13300
construction sites and
and land without 13400

current use.

nuanced analysis that goes beyond environmental parameters, offering a
holistic view of risk that encompasses the socio-economic intricacies of
affected populations. This approach ensures that risk mitigation strate-
gies are not only technically sound but also socially inclusive, aligning
closely with the real-world complexities and needs of the communities
at the forefront of climate change impacts.

In this study, Eurostat, a principal statistical office of the European
Union, was selected as the primary data source for analysing de-
mographic and economic indicators of coastal cities (Table 3). By
employing the most recent Eurostat data, this study benefits from the
methodological rigor, extensive geographic coverage, and standardized
data collection methods, ensuring that the socioeconomic indicators are
robust, comparable, and reflective of the current state. These indicators,
when analysed collectively, provide a comprehensive picture of the
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Table 3

Indicators of socioeconomic activity assessed over the total city area.

Indicator name

Short description

Parameter of
risk

Variables from
Eurostat employed

Population Total city population Exposure DE1001V:
density for a specific year Population on the
over city area, 1st of January,
expressed as total
inhabitants per
squared kilometre.
Population Population under 5 Vulnerability DE1040V:
under 5 years years old for a (sensitivity) Population on the
old specific year, 1st of January, 0-4
expressed as a years, total;
percentage of the
total population for
the same year.
Population over Population over 65 Vulnerability DE1028V

65 years old

Economically
active
population

Unemployment

Higher
education

years old for a
specific year,
expressed as a
percentage of the
total population for
the same year.

Persons that are
either employed or
unemployed and not
part of the
economically
inactive population
for a specific year,
which covers all
residents over 15 who
are not economically
active, expressed as a
percentage of the
total population for
the same year.

Total population
under
unemployment,
expressed as a
percentage over total
population.
Population with high
educational
background for a
specific year,
expressed as a
percentage of the

(sensitivity)

Vulnerability
(adaptive
capacity)

Vulnerability
(sensitivity)

Vulnerability
(adaptive
capacity)

Population on the
1st of January,
65-74 years, total.
DE1055V:
Population on the
1st of January, 75
years and over,
total

EC1001V:
Economically
active population,
total

EC1010V: Persons
unemployed, total

TE2031V: Persons
aged 25-64 with
ISCED level 5, 6, 7
or 8 (from 2014
onwards) as the
highest level of

total population for education
the same year.

GDP per capita at
market prices,
measured at NUTS3

level

GDP per capita Vulnerability -
(adaptive

capacity)

socioeconomic dynamics that influence the resilience and vulnerability
of coastal cities to climate-related hazards. The integration of these in-
dicators into the MHRA, contextualizing them within the framework of
exposure, sensitivity, and adaptive capacity, is aimed at identifying
patterns, assessing needs, and informing targeted, context-specific
strategies for enhancing urban resilience.

2.8. Risk calculation

The methodology for scoring the indicators hinges on the analysis of
a diverse array of cases, which are deemed adequate for establishing
benchmarks against which the indicators can be evaluated. These
benchmarks derive from the extremities of observed values for each
indicator, specifically the minimum and maximum recorded values. To
facilitate a baseline methodology for the scoring and aggregation of
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these indicators, a normalized scoring system is employed, wherein each
indicator value for the cities under consideration is assigned a score
within the interval [0, 1], corresponding to its relative position between
the observed extremities, with the exception of critical elements in-
dicators, which were ascribed binary scores of 0 or 1. This normalization
process employs the linear scale transformation of min-max method to
map the raw indicator values to their respective scores (Hwang and
Yoon, 2012).

Denoting I;; the raw value of the i-th indicator for the j-th city, with
i=1,2,...,.Nand j = 1,2, ..., M, where N is the total number of in-
dicators and M is the total number of cities analysed, the normalization
of these values into scores, S;j, is accomplished as per

(Simax — Simin) (Iij — Limin)

Ii,max - Ii.min

Sij= + Simin, 1)

where Ijmin and e represent the minimum and maximum values
recorded for the i-th indicator across all cities, and S;min and S max are
equal to 0 and 1, respectively.

Indicators were systematically classified under the paradigms of
hazard, exposure, or vulnerability. A holistic score per category was
derived, facilitating an aggregate risk assessment, wherein equal
weights were applied, in alignment with recent related studies
(Bagdanaviciute et al., 2019; Godwyn-Paulson et al., 2022; Hagenlocher
et al., 2018; Sahoo and Bhaskaran, 2018; Tiepolo et al., 2019),. To
compute the composite score for each category Cy in the j-th city, the
scores of the indicators within each category are aggregated,

ZieCkSiJ
NC ’

k

A= (2)

where N, denotes the number of indicators within risk category Ci,
namely hazard, exposure and vulnerability. The indicators which has
reverse effect on vulnerability, i.e., indicators of adaptive capacity, were
subtracted from 1 for consistency.

The components of hazard, exposure and vulnerability were inte-
grated into a final European Multi-hazard Index (EMI) score of risk
through multiplicative aggregation. For this calculation, the risk com-
ponents were equally weighted according to

EML =] [ Ac.» ©)

where EMI; denotes the risk for the j-th city and k ranges between the
number of components of risk, thus k = 1,2, 3. The complete list of in-
dicators and their corresponding notation is provided in Table 4. The
results encompass maps and graphs elucidating both individual and
aggregated indicators scores. To improve the interpretability of the risk
assessment results, the cubic root transformation was applied to the
calculated risk values. This transformation helps normalize the data and
stabilize variance, making the results more intuitive, especially for
extreme values. The cubic root of risk allows for a more balanced rep-
resentation of low and high-risk areas, facilitating easier comparison
and prioritization of risk management actions. The transformed risk
values were used in all subsequent analyses and visualizations to ensure
consistency and clarity in the interpretation of the findings.

It is noteworthy that despite the representativeness of the values for
setting thresholds in Europe, the sample size precludes extensive cor-
relation analyses among variables. This limitation guided the method-
ological decision to eschew variance-based weighting techniques such as
sphericity tests, Kaiser-Meyer-Olkin measure, and principal component
analysis (Petzold and Ratter, 2015).

3. Results
The main objective of this study is to integrate the diverse indicators

of risk in a systematic and standardized approach, enabling a compre-
hensive understanding of the risks faced by each city and allowing
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Table 4
Summary of indicators, including their units, corresponding parameter of risk
and label.

Label  Indicator Units Parameter of risk
H1 Area susceptible to % of total area Hazard
landslides
H2 Land flooding area % of total area Hazard
H3 Yearly averaged number of Year ! Hazard
strong wind events
H4 Yearly averaged number of Year ! Hazard
heavy rainfall events
H5 Extreme high temperature °C Hazard
threshold
H6 Extreme low temperature °C Hazard
threshold
H7 Yearly averaged number of day/year Hazard
heatwave days
H8 Yearly averaged number of day/year Hazard
cold spell days
H9 Yearly averaged number of month/year Hazard
drought months
H10 Mean sea-level rate mm/year Hazard
H11 Coastline length undergoing % of total Hazard
erosion coastline length
H12 Significant wave height m Hazard
H13 Surge level m Hazard
H14 Annual highest high tide m Hazard
El Area km? Exposure
E2 Population density inhabitants/km? Exposure
E3 Residential area % of total area Exposure
A2t Open areas % of total area Vulnerability
(adaptive capacity)
E4 Critical infrastructure area % of total area Exposure
E5 Transportation % of total area Exposure
infrastructure area
E6 Agriculture area % of total area Exposure
E7 Forest area % of total area Exposure
E8 Wetland area % of total area Exposure
V2 Presence of power plant Yes/No Vulnerability
(sensitivity)
V3 Presence of airport Yes/No Vulnerability
(sensitivity)
V4 Presence of port Yes/No Vulnerability
(sensitivity)
V5 Presence of railway Yes/No Vulnerability
(sensitivity)
E9 LECZ area % of total area Exposure
E10 Residential area (LECZ) % of LECZ area Exposure
V6 Open areas (LECZ) % of LECZ area Vulnerability
(adaptive capacity)
Ell Critical infrastructure area % of LECZ area Exposure
(LECZ)
El12 Transportation % of LECZ area Exposure
infrastructure area (LECZ)
E13 Agriculture area (LECZ) % of LECZ area Exposure
El4 Forest area (LECZ) % of LECZ area Exposure
E15 Wetland area (LEC) % of LECZ area Exposure
v7 Presence of power plant Yes/No Vulnerability
(LECZ) (sensitivity)
V8 Presence of airport (LECZ) Yes/No Vulnerability
(sensitivity)
V9 Presence of port (LECZ) Yes/No Vulnerability
(sensitivity)
V10 Presence of railway station Yes/No Vulnerability
(LECZ) (sensitivity)
Vi1 Population over 65 yearsold % of total Vulnerability
population (sensitivity)
V12 Population under 5 yearsold % of total Vulnerability
population (sensitivity)
V13 Unemployment % of total Vulnerability
population (sensitivity)
V14 GDP per capita % of total Vulnerability
population (adaptive capacity)
V15 Economically active % of total Vulnerability
population population (adaptive capacity)
A28 Higher education % of total Vulnerability
population (adaptive capacity)
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comparisons with other European coastal cities. The hazard indicators
consolidate abundant information from diverse climate-related hazards.
In this vein, graphical representations are crucial for visualizing and
interpreting the spatial and temporal distributions of these hazards.
Fig. 3 is an example for Klaipeda, designed to provide insights into the
calculation process of the hazard indicators before their normalization,
employing GIS and calculation software. The map on the left of the
figure highlights the LECZ and coastal erosion trends, where the areas
experiencing significant erosion are marked in red. The LECZ area,
calculated from MERIT DEM and expressed as a percentage of the total
city area for comparison, results in 42.2%, the highest value among the
study cases. This significant percentage indicates that nearly half of the
area of Klaipeda area is susceptible to sea-level rise and related coastal
hazards. Similarly, the length of coastline undergoing erosion, measured
from Eurosion data and expressed as a percentage of the total coastline
length, yields a relatively low value of 12.7%. This lower percentage
suggests that while coastal erosion is present, it affects a smaller portion
of the coastline compared to other hazards. The middle map illustrates
the extents corresponding to the 100-year river flooding event, as per
Dottori et al. (2021), marked in pink, indicating flood-prone areas due to
their proximity to the Dané River and low-lying topography. These
flood-prone areas are critical for urban planning and infrastructure
development, as they highlight zones that may be affected by compound
flooding hazard. The map on the right shows the distribution of land-
slide susceptibility in Klaipeda according to Wilde et al. (2018), cate-
gorized as very low, low, medium, high, and very high. The indicator
accounts only for areas with high and very high susceptibility levels. In
Klaipeda, these levels are not reached, indicating a low landslide hazard.
However, the presence of any susceptible areas, even at lower levels,
warrants continuous monitoring, especially in zones with significant
human activity or infrastructure.

The bar charts below the maps show the yearly distribution of
heatwaves, cold spells, heavy rainfall events, and droughts. The extreme
temperature thresholds provided, —19.0 °C and 29.0 °C, were employed
to calculate the heatwave and cold spell events, defined as periods of at
least three days exceeding these thresholds (Lavaysse et al., 2018).
Klaipeda experiences approximately 2.0 days of heatwaves per year,
while cold spells occur approximately 0.8 days per year. These fre-
quencies summarize the total number of days per year for these events
and are crucial for public health planning and energy management,
particularly during extreme temperature events. The indicators for
heavy rainfall and droughts summarize the yearly average of precipi-
tation events exceeding 20 mm/day and meteorological drought months
where SPI-3 is below —1, respectively. Klaipeda experiences about 1.8
days of heavy rainfall per year, whereas droughts occur approximately
2.1 months per year. These rainfall and drought indicators are essential
for water resource management and agricultural planning, providing
insights into the frequency and severity of these events. The indicators
measure the yearly average for these hazards, though the graphs also aid
in understanding the temporal evolution and potential trends. For
example, an uptrend in heatwaves and a downtrend in droughts can be
noted, providing critical insights into the changing climate dynamics in
Klaipeda. Understanding these trends is vital for developing adaptive
strategies to mitigate the impacts of climate change, ensuring the
resilience and sustainability of the city.

The comparative assessment of these indicators reveals distinct
patterns that reflect the unique climatic and geographical context of
each city. Another example before the normalization of the indicators is
illustrated in Fig. 4, covering extreme sea levels and sea-level rise. The
data reveal a clear demarcation between cities subjected to the influence
of the Atlantic Ocean and those sheltered within the Mediterranean
basin. The bar chart on the left illustrates the annual highest high tide,
surge level, and significant wave height for the six cities. These in-
dicators provide an estimation of the extreme sea-levels that the cities
can potentially suffer from, based on data from ERA5 reanalysis (Caires
and Yan, 2020; Hersbach et al., 2020; Yan et al., 2020). The map on the
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Fig. 3. Graphical visualization of some indicators of hazard for Klaipeda, including LECZ area, coastal erosion trend, river flooding area, landslide susceptibility,
extreme temperature thresholds, and heatwave, cold spell, heavy rainfall and drought frequencies. Data source: Dottori et al. (2021), European Commission and Joint
Research Centre (JRC) (2021), Lavaysse et al. (2018), Lenotre et al. (2004), Mercogliano et al. (2021), Wilde et al. (2018) and Yamazaki et al. (2017).
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Fig. 4. Indicators regarding sea-level rise and extreme sea-levels. Data source: Caires and Yan (2020), Hersbach et al. (2020), Kopp et al. (2023) and Yan
et al. (2020).

right of the figure shows the baseline MSLR rates for these cities, based rates of rise ranging between 3.0 mm/year and 5.1 mm/year. The data
on data from NASA for the year 2020 under the RCP4.5 scenario (Garner highlight the varying impacts of sea-level rise and extreme sea levels on
etal., 2021; Kopp et al., 2023), with colour coding representing different the coastal cities. Atlantic cities, particularly Cork and Viana do Castelo,
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are subject to higher extreme sea levels compared to Mediterranean
cities, likely due to more significant wave heights and storm surges.
Viana do Castelo displays the highest combined water level, with an
annual highest high tide of 1.3 m, a surge level of 1.4 m, and a significant
wave height of 6.0 m, resulting in a total extreme water level of
approximately 8.7 m. The MSLR rates also vary, with Klaipeda experi-
encing the highest rate of sea-level rise, suggesting a need for tailored
coastal management and mitigation strategies to address these specific
challenges.

The complete set of hazard indicators encompass a spectrum of
climate-related phenomena, including extreme weather events and long-
term climatic shifts. The heatmap visualization in Fig. 5 synthesizes
these observations after min-max normalization, based on the data from
Table 5, which summarizes the values obtained for the indicators, of-
fering a comparative view of hazard intensities across the cities. The
indicators demonstrate the capacity to discern subtle differences be-
tween these urban areas. La Spezia emerges as a focal point for hazard
intensity, with near-maximal scores in indicators associated with land-
slides, extreme temperatures, heatwaves, cold spells, and droughts — a
reflection of the vulnerability inherent to the trend towards desertifi-
cation of the Mediterranean region. In contrast, coastal and riverine
flooding hazards, along with strong winds, are comparatively subdued
here, likely due to the mitigating effects of the Mediterranean climate.
Indicators of sea-level rise and heavy precipitation also display moder-
ate values, suggesting a nuanced hazard landscape. The oceanic climate
of Cork is reflected in mild extremes in temperature but heightened
indicators for heavy rainfall and strong winds — conditions that are
echoed in Viana do Castelo, albeit with a slightly warmer, less volatile
climate. These cities exemplify the propensity of Atlantic climate for
dynamic weather patterns, characterized by significant precipitation
and strong wind events. La Spezia and Varna, with their minimal scores,
epitomize the sheltering effects of the Mediterranean Sea and the rela-
tive calm of the Black Sea, respectively.

The contrasting hazard profiles of cities influenced by the Atlantic
Ocean versus those within the Mediterranean basin have significant
implications for urban planning and emergency management. In
Atlantic-facing cities like Cork and Viana do Castelo, the focus might be
on strengthening coastal defences against storms and enhancing flood-
prevention measures. In contrast, Mediterranean cities may prioritize
coping with extreme heat and ensuring water security. This under-
standing may guide city planners in allocating resources and developing
tailored risk mitigation strategies. Cities with challenging topographies,
notably La Spezia and Bergen, exhibit heightened landslide hazards. The
position of La Spezia amongst hills and the topography of Bergen,
characterized by mountains and fjords, contribute to their pronounced
susceptibility to landslides. Conversely, flatter urban landscapes,
particularly evident in Cork, show a predisposition towards river
flooding, which highlights the interplay between topography and hazard
potential. For cities like Cork, the historical development along river-
banks may contribute to its higher river flooding scores.

The exposure of the coastal cities to the previous climate-related
hazards is evaluated by examining land use and population density
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Fig. 5. Heatmap representation of the indicators of hazard after min-max
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metrics in the total area in both the total area of study and the LECZ.
These indicators are compared in the heatmap shown in Fig. 6.
Regarding the total coverage, Bergen covers the largest area among the
cities studied (465 km?), suggesting a broad interface with natural en-
vironments that may influence exposure patterns. Viana do Castelo also
spans a considerable area (319 kmz), indicative of its reach along the
coastline. In contrast, La Spezia and Cork are more compact (51.5 km?
and 39.6 km?, respectively), which emphasizes the diversity in city sizes
and the potential concentration of risks in smaller urban spaces.

Klaipeda exhibits an extensive LECZ, covering almost one-half of the
total area, which explains its vulnerability to sea-level rise and coastal
flooding. Cork, La Spezia, and Viana do Castelo also have notable LECZ
areas, albeit less extensive than Klaipeda. Bergen and Varna have the
smallest LECZ proportions (2.3% and 5.3%, respectively), suggesting a
lower direct exposure to sea-level influences. Historically, the develop-
ment of Klaipeda has been closely tied to its port, with economic ac-
tivities concentrated along the coast. The extensive LECZ implies a
heightened susceptibility to sea-level rise and coastal storms, which
could disrupt these critical economic activities. A deeper exploration
into the urban planning and coastal defences could reveal strategies for
mitigating this exposure, such as the implementation of green infra-
structure or revised zoning laws designed to reduce the concentration of
critical assets and populations in vulnerable areas.

High population density is a critical component of exposure, as may
be seen in Cork, which could lead to amplified impacts from climate
hazards. Varna, La Spezia, and Klaipeda have similar population den-
sities, while Bergen and Viana do Castelo have lower densities, possibly
providing more space for dispersion of risks. In Cork, the high popula-
tion density within a constrained urban area intensifies the potential
impact of climate-related events. This density, when overlaid with the
LECZ, reveals a compounded vulnerability. Areas of high population
density that coincide with high-risk zones may face challenges in
emergency response and evacuation efficiency. It is essential that urban
planning strategies be developed to incorporate these factors into risk
assessments, ensuring that evacuation routes, emergency shelters, and
infrastructure are designed to handle the demands of a dense population
facing a heightened risk of flooding and other coastal hazards.

The level of urbanization within these cities varies widely. Cork is the
most urbanized, with extensive residential and infrastructure develop-
ment. Bergen and Viana do Castelo show a lower level of urbanization,
which is evident in the distribution of land uses (Fig. 7). The size and
spread of residential areas influence not just the density of the popula-
tion but also the capacity of the city to respond to emergencies. More
urbanized areas may face greater challenges in mobilizing resources and
managing evacuations, especially if the infrastructure is not designed
with resilience in mind. The analysis of urbanization should therefore be
coupled with an assessment of emergency preparedness, including the
adequacy of evacuation routes and the accessibility of safe zones.

When analysing the total area, Cork has a notably larger residential
area compared to Bergen, reflecting its urban density. The distribution
of residential, infrastructure, and transportation areas varies with the
degree of urbanization. Forest and agricultural lands tend to be more
prevalent in less urbanized cities. Wetland distribution does not directly
correlate with urbanization levels — it may show high values in both
urbanized and less urbanized settings. Focusing on the LECZ, the trend
shifts. The residential area of Bergen is relatively large within the LECZ —
a somewhat counterintuitive finding considering the overall urban
profile of the city. Cork shows moderate values, whereas La Spezia has
significant critical infrastructure and transport areas within its LECZ.
The wetland areas see a substantial increase within the LECZ, which
could have implications for biodiversity and ecosystem services in these
zones.

Notwithstanding, the role of wetlands, particularly within the LECZ,
is multifaceted. In Varna, the increase in wetland areas within the LECZ
(from 5.1% to 47.6%) could be seen as a potential asset, providing
natural buffers that mitigate exposure to storm surges and flooding. The
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Table 5
Results of the indicator-based assessment.
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Indicator Bergen Cork Klaipeda La Spezia Varna Viana do Castelo
Landslide-prone area (%) 41.6 21.4 0.0 64.6 26.1 19.7

Land flooding area (%) 0 10.3 4.0 0 4.4 4.7

Strong winds frequency (event/year) 2.0 2.5 1.6 0.2 0.0 0.6

Heavy rainfall frequency (day/year) 46.9 4.8 1.8 24.5 3.8 34.6
Extreme high temperature threshold (°C) 25.0 24.5 29.0 33.0 33.4 33.3
Extreme low temperature threshold (°C) -11.0 -2.5 -19.0 -2.8 -11.6 -1.7
Heatwave frequency (day/year) 1.6 0.5 2.0 3.6 1.3 1.0

Cold spell frequency (day/year) 0.8 0.6 0.8 0.9 0.8 0.3
Drought frequency (month/year) 1.7 1.8 2.1 2.2 1.6 1.8

Mean sea-level rate (mm/year) 3.6 4 5.1 4 3 4

Coastline length undergoing erosion (%) 50 50 12.7 0 5.2 88.2
Significant wave height (m) 3 4.7 3.9 2.8 2.4 6

Surge level (m) 0.8 0.9 1.2 0.5 0.4 0.7

Annual highest high tide (m) 0.6 1.7 0.1 0.1 0 1.3

Area (kmz) 464.7 39.6 88.2 51.5 154.0 319.0
Population density (inhabitant/km?) 622.7 (2022) 2996.6 (2011) 1725.1 (2022) 1791.3 (2022) 2160.3 (2022) 269.6 (2022)
Residential area (%) 16.0 45.2 17.2 17.4 25.0 11.1

Open areas (%) 6.3 11.6 4.8 2.6 5.0 1.2

Critical infrastructure area (%) 2.5 16.5 13.1 8.0 7.5 1.5
Transportation infrastructure area (%) 3.3 11.7 9.7 8.7 7.7 3.0
Agriculture area (%) 3.9 7.1 22.6 6.3 141 25.2

Forest area (%) 63.3 1.6 29.6 55.1 34.2 53.2
Wetland area (%) 4.2 3.6 0.8 0.2 5.1 2.9
Presence of power plant (0 or 1) 1.0 0.0 1.0 0.0 0.0 1.0
Presence of airport (0 or 1) 1.0 0.0 0.0 0.0 1.0 0.0
Presence of port (0 or 1) 1.0 1.0 1.0 1.0 1.0 1.0
Presence of railway station (0 or 1) 1.0 1.0 1.0 1.0 1.0 1.0

LECZ area (%) 2.3 19 42.2 12.3 5.3 9.9
Residential area (LECZ) (%) 36.5 15.5 15.5 12.9 3.1 4.9

Open areas (LECZ) (%) 3.6 16.5 5.4 10 5.7 4.7

Critical infrastructure area (LECZ) (%) 6.8 17.7 13.1 35.5 12.6 1.6
Transportation infrastructure area (LECZ) (%) 8.8 20.8 15.1 34.7 18.2 4.1
Agriculture area (LECZ) (%) 3.8 6.7 11.9 0.7 5.1 39.7

Forest area (LECZ) (%) 25.4 3.1 34.9 0.7 4.3 20.5
Wetland area (LECZ) (%) 14.7 15.6 1.8 3.8 47.6 18
Presence of power plant (LECZ) (0 or 1) 0 0 0 0 0 1

Presence of airport (LECZ) (0 or 1) 1 0 0 0 0 0

Presence of port (LECZ) (0 or 1) 1 1 1 1 1 1

Presence of railway station (LECZ) (0 or 1) 1 1 0 1 1 0
Population over 65 years old (%) 14.5 (2013) 15 (2011) 19.5 (2018) 26.7 (2018) 17.5 (2018) 22.4 (2019)
Population under 5 years old (%) 6.4 (2011) 5.1 (2011) 5.2 (2022) 3.6 (2022) 4.8 (2022) 3.7 (2022)
Unemployment (%) 0.9 (2011) 8.9 (2011) 3.3 (2022) 4.8 (2020) 3(2021) 2.8 (2021)
GDP per capita 50,300 144,000 16,600 29,800 8000 15,700
Economically active population (%) 25.8 (2021) 45.2 (2011) 54.8 (2022) 44.6 (2020) 46.8 (2021) 45.8 (2021)
Higher education (%) 14.4 (2022) 16.3 (2011) 27.5 (2022) 11.4 (2021) 25.9 (2022) 13.7 (2022)
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Fig. 6. Heatmap representation of the indicators of exposure after min-max
normalization to a range of 0-1.

conservation and restoration of wetlands should be integral to climate
adaptation strategies, leveraging these ecosystems to provide natural
defences that complement engineered solutions. This balance between
the natural and built environments can be crucial for building a resilient
urban landscape.

It is important to note that the use of administrative boundaries to
define the study areas can influence the exposure indicators and,
therefore, risk. To address this, alternative methods could be employed,
such as delineating study areas based on physical geography, such as
watersheds or topographical features, or using population density maps
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to identify areas of high human concentration. These approaches would
provide different perspectives on the spatial dynamics of hazard expo-
sure and vulnerability. Additionally, incorporating participatory GIS
methods could engage local communities in identifying and validating
high-risk zones, leading to a more nuanced and grounded understanding
of exposure.

LULC patterns extend beyond exposure to encapsulate sensitivity,
crucial for understanding the nuanced responses of coastal cities to
climate-related hazards. For example, urban areas, characterized by
their impervious surfaces, directly influence water runoff and drainage
dynamics, intensifying flood risks. As previously discussed, Cork ex-
hibits higher urbanization rates when considering the total study area,
yet within their respective LECZs, both Cork and Bergen share a similar
percentage of urbanized land (52.1% and 54.0%, respectively, when
residential, critical infrastructure, and transportation are accounted for).
This parity indicates a substantial presence of sensitive and impervious
areas within the LECZ of Bergen, raising its vulnerability to coastal
hazards. A similar trend is observed in La Spezia, indicating an increased
sensitivity within these regions.

Urbanized regions also contribute to the Urban Heat Island (UHI)
effect, where temperatures in built-up areas exceed those of surrounding
rural regions. This phenomenon can amplify the effects of heatwaves,
with repercussions for public health and energy demand. La Spezia, with
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its significant urban areas and high heat hazard and drought indicators,
must prioritize addressing these risks. Planning should incorporate
green spaces and reflective materials in urban design to mitigate the UHI
effect. Furthermore, LULC is intricately linked to socioeconomic dy-
namics. Land uses such as forests and wetlands may display less sensi-
tivity to flooding but are more vulnerable to temperature and
precipitation hazards. Conversely, agricultural lands may be sensitive to
a wider array of dangers. This intricate relationship is reflected in the
indicators for Viana do Castelo.

The spatial distribution of infrastructure and essential services crit-
ically shapes the vulnerability profile of cities (Fig. 8). Ensuring that
infrastructure such as hospitals, power plants, and water treatment fa-
cilities is not only robust but also strategically sited is paramount. Data
from OpenStreetMap reveal commonalities across the cities, with ports
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being a universal feature within the LECZ. Notably, Klaipeda and Viana
do Castelo lack railway stations within their LECZs. Only Bergen and
Viana do Castelo have airports within the study area, with the airport of
Bergen also falling within the LECZ. Power plants are present only on the
periphery of Bergen, Klaipeda, and Viana do Castelo, with the facility of
Viana do Castelo located within the LECZ, potentially increasing its
sensitivity to coastal hazards.

Demographic profiles, especially the proportion of vulnerable age
groups (under 5 and over 65), are indicative of sensitivity. These groups
typically require additional resources during climate events due to their
specific needs and lower resilience. Fig. 9 illustrates the evolution of
these indicators, including the rates of unemployment and economically
active population, based on data from Eurostat. Most recent data show
that La Spezia has the oldest population (26.7%), followed by Viana do

1.0 Legend

V1: Open areas

V2: Presence of power plant

V3: Presence of airport

'V4: Presence of port

V5: Presence of railway station

V6: Open areas (LECZ)

'V7: Presence of power plant (LECZ)
V8: Presence of airport (LECZ)

'V9: Presence of port (LECZ)

V10: Presence of railway station (LECZ)
V11: Population over 65 years old
'V12: Population under 5 years old
V13:Unemployment

V14: GDP per capita

V15: Economically active population
V16: Higher education

1.00 [OX0[ 0.69 1.00 0.81

LTSS 0.00 0.33

(878 0.30 (1223 0.00 0.00

-0.4

(L1} 0:49 0.84 0A35

0.43 0.26 gHUR 0.28 0.10

-0.2

0.04 0.24 [ReZ3 0.31

V12 V13 Vi4 vi5 vie  ~00

Fig. 8. Heatmap representation of the indicators of vulnerability after min-max normalization to a range of 0-1.
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Fig. 9. Evolution of indicators on population. Data source: Eurostat.

Castelo (22.4%) and Klaipeda (19.5%), while Bergen and Cork are at the
lower end (14.5% and 15.0%, respectively). The youngest populations
are found in Bergen (6.4%), Cork, and Klaipeda (5.1% and 5.2%), con-
trasting with La Spezia (3.6%) and Viana do Castelo (3.7%), charac-
terized by aging demographics.

Unemployment rates serve as an indirect indicator of the economic
resilience to climate-related shocks. For Bergen, the unemployment rate
was last recorded at 0.9% in 2011. In contrast, Cork had an unem-
ployment rate at the time of 8.9%. Notably, the unemployment rate in
Bergen, although based on older data, is the lowest among the cities
studied, occasionally matched only by Varna during brief periods. The
most recent rates of unemployment available for the other cities are
3.3% for Klaipeda (in 2022), 4.8% for La Spezia (in 2020), 3.0% for
Varna (in 2021), and 2.8% for Viana do Castelo (in 2021). While his-
torical data for some cities show lower unemployment rates, the
2020-2022 figures provide a more contemporaneous assessment for
these urban areas. It is important to note that data for Viana do Castelo
are quite limited, with only two records available (for 2011 and 2021).

The proportion of economically active population is indicative of
economic vibrancy and resilience. This demographic is central in
maintaining workforce stability and can indicate how a city might cope
with climate-induced economic fluctuations. The data call for careful
interpretation, particularly in light of recent disruptions such as the
COVID-19 pandemic. Notably, Bergen reported an economically active
population of 25.8% in 2021, with an unemployment rate last recorded
in 2011. This points to the potential for outdated data to skew the risk
assessment. Conversely, Cork’s 2011 figure of 45.2% for the economi-
cally active population may no longer reflect current conditions. Recent
figures for other cities present a more current assessment, with Klaipeda
ranking highest at 54.8% in 2022, La Spezia at 44.6% in 2020, Varna at
46.8% in 2021, and Viana do Castelo at 45.8% in 2021.

GDP per capita serves as a proxy for the availability of resources
crucial for climate adaptation and mitigation. A higher GDP per capita
suggests a greater potential for investment in resilience-building initia-
tives. The stark contrast between Cork, with the highest GDP per capita
at €144,000, and the rest of the cities, with Bergen at €50,300 and Varna
at the lower end with €8,000, underscores the disparity in resource
availability for tackling climate challenges.

Higher education correlates with increased awareness and the
implementation of innovative strategies to address climate-related
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issues. The variability in the level of educational attainment (measured
as the percentage of the population over 25 with higher education de-
grees) between the cities studied is notable, ranging from 27.5% in
Klaipeda and 25.9% in Varna to a lower 11.4% in La Spezia and 13.7% in
Viana do Castelo. This diversity highlights the importance of education
in cultivating adaptive capacity and points to potential areas for in-
vestment in human capital.

These results exemplify that risk is not static; it fluctuates signifi-
cantly over time. The indicators underscore the necessity for a dynamic
analysis, calling for continuous monitoring and updating of data to
inform adaptive strategies. Only through such rigorous, dynamic eval-
uation can coastal cities effectively bolster their resilience.

The adaptive capacity has been assessed as a multifaceted concept
that hinges on various indicators, including land use patterns, socio-
economic dynamics, and educational attainment. Open spaces play a
critical role in enhancing the adaptive capacity, for they serve as natural
retention areas during flood events, mitigate the urban heat island ef-
fect, and can act as firebreaks. Moreover, they improve the overall
quality of life, signifying a resilient urban environment. A robust
transportation network is equally essential, particularly when mobi-
lizing resources and individuals in response to extreme climate events.
Cork stands out in this respect, showcasing a significant proportion of
such land uses within both its total study area and the LECZ — particu-
larly regarding open spaces. The LECZ of La Spezia has an extensive
transport network, whereas Cork, Klaipeda, and Varna also present
noteworthy figures.

The aggregate scores of the indicators are visually represented in
Fig. 10 in a scale between 0 and 100. The risk component of hazard
exhibits similar scores, between 46 and 50%, for all cities except Varna,
which has a score of 25.7 points. However, interpreting this risk score
requires nuance when considering individual cities. In Cork and Viana
do Castelo, coastal hazards contribute significantly, while land hazards
score low. Klaipeda and Bergen show medium scores for both types of
hazards. Conversely, La Spezia has very low coastal hazard scores and
high land hazard scores, while Varna scores low for both. This analysis
highlights the importance of examining individual indicator scores to
accurately understand the final risk components.

The exposure component displays medium and low values, ranging
from a maximum of 48.6 points in Klaipeda to a minimum of 27.2 points
in Viana do Castelo. While detailed analysis of individual indicators
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Fig. 10. Results of the indicator-based assessment after the aggregation of the indicators into the risk categories of hazard, exposure, sensitivity and adap-

tive capacity.

reveals significant differences between cities, such as population density
and urbanization levels, the aggregate score masks these variations. The
situation is different with regard to vulnerability, where significant
variation is found between cities. Viana do Castelo and Bergen stand out
for their high scores (62.2 and 75.1 points, respectively) based on the
measured indicators. In contrast, Cork exhibits the lowest score (41.3
points). The remaining cities display medium scores, approximately
between 45 and 55 points. The substantial annual fluctuations observed
in socioeconomic indicators necessitate cautious interpretation of the
vulnerability score — it is far from static and depends heavily on the
timing of the assessment. Importantly, the vulnerability parameter of
adaptive capacity relies on the fewest indicators, which amplifies the
relative importance of each individual indicator for the final score.

The observed risk landscape presents a balanced picture, with no city
standing out remarkably compared to the others. Interestingly, the cities
with the highest scores in hazard and exposure (Cork and Klaipeda) also
exhibit the lowest levels of vulnerability. Conversely, Viana do Castelo
and Bergen, with lower scores in the initial components, have high
vulnerabilities.

4. Discussion
The advancement in risk assessment methodologies for European

coastal cities highlighted by this research signifies a notable shift toward
methodologies that are not only more inclusive and nuanced but also
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dynamic in nature. This shift is paramount in the context of climate
change, where the static and compartmentalized approaches of the past
are increasingly insufficient to address the complex, interwoven chal-
lenges that cities face today. By integrating a broad spectrum of in-
dicators covering hazard, exposure, sensitivity, and adaptive capacity,
the methodology introduced herein offers a comprehensive lens through
which to view and assess the multifaceted nature of climate risks. Such
an approach is invaluable in an era where the impacts of climate change
are both far-reaching and deeply interconnected, affecting not just the
physical but also the socio-economic fabric of urban areas.

The methodology distinctly advances beyond the scopes of estab-
lished models like CLIMADA and DIVA, which, while pioneering in their
respective foci on natural disaster impacts and sea-level rise, offer a
somewhat limited view of climate risk. By broadening the analytical lens
to include a wider array of hazards and, crucially, their socio-economic
repercussions, the present study addresses a critical gap in the existing
literature. It acknowledges that the threats posed by climate change are
not isolated incidents but are systemic, with far-reaching implications
that necessitate a holistic assessment approach (Sekovski et al., 2020).
This is especially pertinent in urban areas, where the density of popu-
lation and infrastructure magnifies the potential impact of climate
hazards (Rangel-Buitrago et al., 2020; Stepanova and Bruckmeier,
2013). Adaptation proposals can thus consider combined hazards, e.g.,
flooding and landslide, including early warning systems, the prevention
of construction in hazard-prone areas, controlled land management
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practices, incorporation of green buffers, and implementing sustainable
urban drainage systems to mitigate both risks. Notwithstanding, the
study acknowledges limitations, such as the inherent uncertainty asso-
ciated with the selected indicators, the impact of weighting on risk
scores, and the potential for representative points to miss intra-city
variations in risk. These limitations suggest areas for improvement in
future research, highlighting the need for the development of more so-
phisticated models that account for the spatial heterogeneity of risk
within cities and the exploration of alternative weighting schemes to
refine risk scoring (Barzehkar et al., 2021).

The comparison of the results with existing studies yields valuable
insights. The geographical configuration of Liguria makes it particularly
prone to flash floods, storms, forest fires, and landslides (De Angeli et al.,
2018; Di Napoli et al., 2021; Sacchini et al., 2012). This is consistent
with our findings, where the hazard indicators for La Spezia prominently
feature landslides, extreme temperatures, and droughts. Although the
indicator for land flooding is negligible, the heavy rainfall indicator is
relatively high, especially for a Mediterranean city. This demonstrates
the necessity of careful interpretation of indicators, as they may not
always provide a clear picture.

In Cork, various studies emphasize the significance of coastal hazards
and land flooding, which align well with the indicators (Devoy, 2009;
Leahy and Kiely, 2011). The potential compounding of these hazards is a
crucial consideration (Moradian et al., 2024). The articles on adaptation
and resilience provide guidelines that could be beneficial for other cities
that have not advanced as much in these areas (Jeffers, 2011, 2014).
This highlights the advantage of comparing cities and sharing results
and experiences.

Although the indicators are not very high for Bergen, the study by
Venvik et al. (2019) indicates that subsidence is a serious problem in
certain areas of the city centre. It also points out that increased pre-
cipitation, sea-level rise, and storm surges due to climate change will
lead to higher flooding events. The possible combinations of hazards and
risks are numerous, and detailed studies are essential to understand the
local conditions of each city.

The indicators related to coastal hazards are high in Klaipeda
compared to the other cities in this study. However, the application of a
coastal risk index along the Baltic Sea shores of Lithuania reveals that
the coastal risks in Klaipeda are relatively lower compared to other areas
along this coastal strip (Bagdanaviciute et al., 2019). This underscores
the need for further case studies to broaden our understanding.

In Varna, the hazard indicators highlight extreme temperature haz-
ards more than in other cities, while coastal hazards are relatively low.
Nonetheless, the existing literature focuses on coastal hazards, and no
studies on extreme temperatures were found (Stanchev et al., 2009;
Valchev et al., 2018). This may indicate an underestimation of extreme
temperature hazards or an overestimation of coastal hazards in this city.
It also underscores the tendency to prioritize coastal hazards in coastal
cities over other types of hazards. A more detailed study on the potential
impact of extreme temperature hazards and coastal hazards could be
illuminating to further explore this disparity.

Southern Europe is generally warmer compared to the rest of Europe.
However, Viana do Castelo, located in the northern Iberian Peninsula
and exposed to the Atlantic, has an oceanic climate. The indicator results
show that the high temperature threshold is significant in this city, along
with numerous indicators related to coastal and land flooding, aligning
with previous studies (Antunes et al., 2019; Espinosa et al., 2022;
Espinosa and Portela, 2022; Grosso et al., 2015; Martins et al., 2012).
The drought indicator is low, which aligns with the findings of Santos
et al. (2010) indicating that droughts in northwest Portugal are less
severe than in the south. The results for Viana do Castelo also prompt
reflection on the size of the study area. The study area was defined based
on administrative boundaries, which includes large portions of
non-urbanized territory, significantly influencing land cover and socio-
economic variables.

The adaptability of this methodology is one of its core strengths,
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resonating with the latest recommendations from the Intergovernmental
Panel on Climate Change for dynamic and comprehensive climate risk
frameworks (IPCC, 2014). The ability to incorporate evolving data sets
and adapt to the progressing nature of climate science underscores the
potential of the methodology for future enhancements and longevity.
For example, datasets such as Urban Atlas (of 2018) and Coastal Zones
(of 2012 and 2018) from Copernicus were not validated for external use
at the moment of writing. Such flexibility ensures that, as the under-
standing of climate science advances and as new data become available,
the methodology can be updated and refined to remain at the forefront
of climate resilience planning.

From a theoretical standpoint, this research embodies a shift towards
conceptualizing urban resilience within the contexts of adaptability and
systemic vulnerability. It aligns with the perspective advocated by
Cutter et al. (2003), among others, that resilience transcends mere
physical robustness to encompass the adaptive capabilities of urban
systems. This approach is crucial for recognizing cities as complex
socio-ecological systems, where resilience is contingent upon a multi-
faceted strategy that includes not just infrastructural but also social,
economic, and environmental considerations (Birkmann et al., 2006).
Such a strategy acknowledges the interconnectedness of urban systems
and the importance of addressing resilience at multiple scales and di-
mensions (Frazier et al., 2013). However, while this study provides a
comprehensive set of indicators, it acknowledges that the indicators of
adaptive capacity are fewer than those for other risk parameters. This
discrepancy highlights a limitation of the study, underscoring the
challenges in developing adaptive capacity indicators for such
assessments.

Notwithstanding, the findings of this study underscore the critical
importance of socio-economic factors and community engagement in
building adaptive capacity (Berrang-Ford et al., 2021; Holand et al.,
2011). In this context, the LULC indicators primarily serve as proxies for
exposure to the climate-related hazards. However, the character of these
indicators can vary. For example, the presence of green spaces such as
parks and urban forests has been recognized for their role in mitigating
the impacts of urban flooding by facilitating water infiltration and
providing water retention areas, thereby reducing surface runoff and
potential flood damage (Aerts et al., 2014a; Flood and Schechtman,
2014; Pelling, 2010). In addition to their hydrological benefits, these
green areas offer shade and reduce the urban heat island effect,
enhancing urban resilience to heatwaves (Paranunzio et al., 2021;
Spalding et al., 2014). Furthermore, strategic placement of urban green
spaces can create natural firebreaks that help contain wildfires and
protect urban infrastructure (Mitsopoulos and Mallinis, 2017). Trans-
portation infrastructure can also be considered as an element of sensi-
tivity, as any disruption can have cascading effects on the productivity
and economic stability of cities (Zahmatkesh and Karamouz, 2017). On
the other hand, well-designed transportation networks are integral to
emergency response and evacuation processes, enhancing the resilience
of cities to disasters (Murray et al., 2021). For instance, the compre-
hensive allocation of land to open spaces and transport infrastructures
underscores a proactive stance in urban planning in Cork (Flood and
Schechtman, 2014). However, the dynamic nature of urban develop-
ment, especially in the aftermath of global disruptions such as the
COVID-19 pandemic, necessitates the use of the most current data to
accurately gauge these indicators (Kleinschroth et al., 2024). The
pandemic has underscored the volatility of urban systems and the crit-
ical need for timely data to inform adaptive strategies. Historical data
alone may not capture the socio-economic shifts or infrastructural de-
velopments that impact resilience capacity in real time.

The literature on adaptive capacity emphasizes the importance of
economic activity and workforce stability as resilience metrics (Adger
et al., 2003). The data presented suggest that cities like Klaipeda and
Varna have vibrant economic profiles, potentially translating into
greater adaptive capacities. Yet, the aforementioned limitation of data
currency remains pertinent, signalling the need for ongoing data
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collection and interpretation. While GDP per capita is a traditional
marker of resource availability for climate adaptation, it offers a narrow
lens on the overall adaptive capacity of a city. The adaptive capacity is
also significantly influenced by its public health infrastructure, which
dictates the ability to respond to, and recover from, health-related
climate impacts. Social equity and community engagement levels are
additional dimensions that determine how inclusive and comprehensive
adaptive measures are (Maloutas, 2024). These factors warrant incor-
poration into the adaptive capacity assessment, for the purpose of
providing a more holistic understanding of urban resilience. The
educational attainment of the population of a city is a pivotal determi-
nant of its adaptive capacity, equipping residents with the knowledge
and skills to implement and support resilience strategies. The variability
of the results reflects differential capacities for innovation and adapta-
tion, in line with previous findings (Pelling, 2010) to the effect that
education fosters socio-ecological resilience by enhancing the ability of
communities to engage with, and adapt to, changing climatic conditions.

This emphasis is also in line with the broader resilience discourse,
which highlights the significance of social capital, governance, and
institutional flexibility (Adger et al., 2009). These elements are indis-
pensable in equipping cities to navigate and recover from the shocks and
stresses related to climate change. The integration of socio-economic
indicators into the risk assessment framework not only enriches the
analysis but also ensures that the resultant strategies for enhancing
resilience are grounded in the realities of urban life (Thomas et al.,
2021). It acknowledges that the strength of the response of a city to
climate challenges is deeply influenced by the engagement and
empowerment of its communities, alongside the robustness of its
governance and institutional structures (Blythe et al., 2020).

The policy implications of this research are both significant and
timely. The granularity and specificity inherent to the proposed meth-
odology offer a blueprint for urban planners and decision-makers to
identify high-risk areas, allowing for a more informed and targeted
approach to resilience building. This specificity is particularly crucial in
the context of climate adaptation, where the strategic allocation of often
limited resources can markedly influence the efficacy of mitigation ef-
forts (Lehmann et al., 2021; Losada et al., 2019). By prioritizing adap-
tation measures based on a detailed understanding of risk, cities can
optimize their resilience strategies, ensuring that investments are
directed where they are most needed and can have the greatest impact.

The emphasis on cross-sectoral collaboration and stakeholder
engagement as highlighted by this research underscores a critical shift in
the paradigm of climate adaptation planning. The integration of diverse
perspectives, from local communities to various sectors of governance
and industry, is fundamental to the development of robust resilience
strategies (Fitton et al., 2021; Petrosillo et al., 2006). This collaborative
approach not only enriches the planning process with a multitude of
insights and expertise but also ensures that resilience measures are
deeply rooted in the local context and are responsive to the specific
needs and vulnerabilities of communities (Ashraful Islam et al., 2016). It
highlights the importance of moving beyond top-down approaches to
embrace more participatory, inclusive methods of resilience planning,
where stakeholders are actively involved in shaping the strategies that
affect their lives and environments.

The integration of emerging technologies and innovative method-
ologies into the framework presents a frontier for enhancing climate risk
assessment and adaptation planning (B et al., 2023). The advent of
geospatial analytics, artificial intelligence, and citizen science opens up
new possibilities for both refining the precision of risk assessments and
fostering community engagement in resilience efforts (Barzehkar et al.,
2021; Moradian et al., 2023; Riaz et al., 2023). For example, machine
learning algorithms applied to vast datasets of climate information could
significantly improve the predictability of hazard events, enabling cities
to anticipate and prepare for potential impacts with greater accuracy
(Assem et al., 2017; de Burgh-Day and Leeuwenburg, 2023; Rodri-
guez-Delgado et al., 2019). Similarly, participatory GIS and citizen
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science initiatives can empower local communities, giving them a voice
and stake in identifying vulnerabilities and co-creating solutions,
thereby democratizing the process of resilience building (Debaine and
Robin, 2012; Kumar et al., 2019; Tiwari et al., 2022).

The exploration of non-traditional indicators, such as digital con-
nectivity, green roofs, psychological resilience, and cultural assets, in-
troduces an innovative dimension to understanding and enhancing
urban adaptive capacity (Chen et al., 2018; McClatchey et al., 2014;
Nguyen et al., 2016; Vesselinov et al., 2021). These factors, often
marginalized in conventional risk assessments, have the potential to
unlock new avenues for building resilience (Argyroudis et al., 2022).
Recognizing the role of digital infrastructure in facilitating communi-
cation and access to information during crises, the importance of mental
health and community cohesion in recovery processes, and the value of
cultural heritage in fostering a sense of identity and belonging, can all
contribute to more resilient urban environments (Chang et al., 2021;
Lima and Bonetti, 2020). These dimensions add depth to the under-
standing of what makes cities resilient, pointing to the need for adaptive
strategies that are not only physically robust but also socially and
culturally resilient.

This work analyses risk under current climatic conditions. However,
considering future scenarios is crucial in climate risk assessment and
coastal management (Kirezci et al., 2020; Vousdoukas et al., 2018,
2020). Most hazard indicators are based on climate data that can be
updated with climate projections, such as sea-level rise, temperature,
precipitation, and oceanic variables. Projecting other indicators, spe-
cifically coastal erosion, river flooding areas, and landslide susceptibil-
ity, poses a greater challenge, though not insurmountable. Data from
Urban Atlas, OSM and Eurostat were used for the assessment of the
baseline risk. The methodology developed has the potential to be
transferable to projecting future risk, which is a crucial step considering
the exacerbation of climate-related hazards under climate change. In
this respect it is worth mentioning that there are various studies on the
urban and demographic evolution of coastal cities throughout this
century (Jones and O’Neill, 2016; Merkens et al., 2016; Neumann et al.,
2015).

Recent studies show how climate projections might affect the find-
ings of this study until 2100 (Abadie, 2017; Forzieri et al., 2017; Kovats
et al., 2014; Vousdoukas et al., 2017). According to the latest climate
models, global temperatures are projected to rise significantly, likely
resulting in more frequent and severe heatwaves in Europe. This in-
crease in temperature could exacerbate heatwave indicator scores for
cities already experiencing high temperatures, such as Mediterranean
cities, while also impacting cold spell frequencies. Similarly, the
desertification of southern Europe poses challenges regarding drought
and water availability. Future flooding patterns are also expected to
change, with projections indicating increased intensity and frequency of
both river and coastal floods. This is particularly relevant for cities like
Bergen and Viana do Castelo, which already exhibit high vulnerability to
such events. The projected sea-level rise, estimated to reach up to 1 m or
more by 2100, will further compound these risks, leading to more
extensive coastal erosion.

These changes underline the necessity for proactive urban planning
and the integration of adaptive measures to mitigate these impacts. The
implications for sustainable coastal management are profound. Inte-
grating climate projections into urban planning is crucial for developing
resilient infrastructure and reducing vulnerability (Aerts et al., 2014b;
Elmqvist et al., 2019; Laurien et al., 2022). Future recommendations
based on these projections include continuous monitoring and updating
of climate data and risk assessments. In this sense, the framework
applied in this study can be further adapted to other coastal cities by
considering local data and conditions. Encouraging collaboration be-
tween cities to share best practices and resilience strategies will enhance
overall urban resilience. This adaptability is key to accurately assessing
and addressing climate risks in diverse geographical contexts. By
tailoring the framework to local realities, cities can develop more
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effective risk management and adaptation strategies. Adaptive strate-
gies, such as the implementation of green infrastructure, enhanced
drainage systems, and robust coastal defences, are vital for managing the
anticipated changes. Additionally, increased investment in resilient
infrastructure and community engagement in climate adaptation and
coastal management initiatives is essential for preparing cities to face
future climate challenges.

5. Conclusions

By integrating a broad array of indicators covering hazard, exposure,
sensitivity, and adaptive capacity, the study provides a novel method-
ology to assess a wide variety of climate-related risks in European
coastal cities. This approach is crucial for addressing the systemic and
interconnected impacts of climate change on coastal urban areas,
emphasizing the importance of dynamic and comprehensive assessment
frameworks. Indeed, the applicability and effectiveness of the proposed
methodology are further underscored by its implementation across six
diverse European coastal cities: Bergen, Cork, Klaipeda, La Spezia,
Varna, and Viana do Castelo. This selection encompasses cities with
different climate zones, levels of urbanization, economic profiles, and
susceptibility to various climate-related hazards. The findings are
consistent with a broad range of existing research, yet our study in-
troduces a novel aspect by enabling comparisons between cities. This
approach highlights certain hazards that may not have been extensively
studied in some areas but could be significant, underscoring the
importance of cross-regional analyses to uncover overlooked risks.

By examining these cities, the research not only validates the
comprehensive and dynamic nature of the methodology, but also
highlights the importance of contextual factors in climate risk assess-
ment and coastal management. For instance, the distinct climatic in-
fluences of the Atlantic Ocean versus the Mediterranean Sea on the
selected cities underscore the necessity for location-specific adaptation
strategies. Similarly, the study of socioeconomic indicators, such as
population density and GDP per capita, across these varied urban con-
texts reveals how economic and demographic factors significantly in-
fluence the adaptive capacity of cities.

The findings highlight the critical role of socio-economic factors,
urban planning, and infrastructural resilience in determining the
vulnerability and adaptive capacity of coastal cities to climate-related
hazards. Urban green spaces, efficient transportation networks, and
the spatial distribution of critical infrastructure are identified as key
elements that influence the resilience to climate impacts of cities. These
factors underscore the necessity of incorporating socio-economic dy-
namics and community engagement into resilience-building efforts.

The study acknowledges the dynamic nature of climate risk and the
importance of continuously updating data and strategies to reflect cur-
rent conditions. The variability in socio-economic indicators, such as
unemployment rates and educational attainment, points to the need for
a real-time understanding of urban resilience. This calls for adaptive
planning that can respond to evolving climate science and urban
development trends.

The granular risk assessment provided by the methodology offers
valuable insights for urban planners and policymakers, enabling the
identification of high-risk areas and the optimization of coastal man-
agement and adaptation strategies. The emphasis on cross-sectoral
collaboration and the integration of diverse stakeholder perspectives
highlight the shift towards more participatory and inclusive approaches
to climate adaptation planning.

The exploration of emerging technologies, such as geospatial ana-
lytics and artificial intelligence, presents opportunities for refining risk
assessments and enhancing community engagement in resilience efforts.
Additionally, considering non-traditional indicators, such as digital
connectivity and cultural assets, could provide new dimensions to un-
derstanding and enhancing urban adaptive capacity.

In conclusion, the research underscores the complexity of assessing
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and addressing climate risks in European coastal cities. It advocates for a
multi-dimensional approach that incorporates physical, socio-economic,
and infrastructural factors into resilience planning. The dynamic nature
of climate change necessitates continuous adaptation and innovation in
methodologies and strategies. Engaging a wide range of stakeholders
and leveraging emerging technologies are crucial steps towards building
resilient urban environments that can withstand the challenges posed by
climate change.
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