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1. Introduction

Coastal zones are highly dynamic environments of critical ecological, 
economic, and social importance (Noor and Abdul Maulud, 2022; ̌Simac 
et al., 2023). However, these regions face increasing vulnerability due to 
a convergence of natural hazards, including sea-level rise, storm surges, 
erosion, and anthropogenic pressures (Kaniewski et al., 2016; Masselink 
and Lazarus, 2019; Pramanik et al., 2016). Climate change exacerbates 
these pressures, compromising the ability of coastal systems, human 
communities and natural ecosystems alike, to remain resilient and 
adaptive (Ummenhofer and Meehl, 2017).

In this context, assessing coastal vulnerability has become a global 
priority; the IPCC (The Intergovernmental Panel on Climate Change) 
(IPCC, 2007) and the European Environmental Agency (EEA), 2006; 
European Environmental Agency EEA, 2012 have emphasised the need 
for governments to assess vulnerability and adopt strategies that mini
mise exposure to climate risks while improving their ability to adapt. 
Yet, vulnerability is not merely a function of geophysical exposure to 
hazards. It emerges from the interactions of physical, social, economic, 
and environmental factors, operating across multiple scales and contexts 
(Noor and Abdul Maulud, 2022; Pantusa et al., 2018; ̌Simac et al., 2023). 
While a range of methodologies has been developed to capture this 
complexity, the Coastal Vulnerability Index (CVI) remains one of the 
most widely used tools (Gornitz, 1991; Thieler and Hammar-Klose, 
2000). CVIs typically integrate physical parameters to discretise the 
coastline into zones of relative vulnerability (Rizzo et al., 2020; Ružić 
et al., 2019). Although efforts to incorporate socioeconomic di
mensions date back to the early 2000s (Cutter et al., 2003; McLaughlin 
et al., 2002), their uptake within CVIs has remained inconsistent. CVIs 

have been repeatedly criticised for overemphasising biophysical expo
sure while neglecting the broader social and ecological systems that 
shape coastal vulnerability and adaptive capacity (Bukvic et al., 2020; 
Rocha et al., 2023).

Moreover, most CVIs remain opaque in their construction, rarely 
disclosing how indicator choices, weighting schemes, or aggregation 
formulae affect the outputs. This lack of methodological transparency 
undermines the reliability of results and limits their relevance for local 
decision-making (Bukvic et al., 2020; Oloyede et al., 2021). Calls for 
more holistic, transparent, and context-specific approaches have grown 
(Rocha et al., 2023; VanZomeren and Acevedo-Mackey, 2019), partic
ularly those that integrate sustainability dimensions and align with 
evolving frameworks such as the IPCC's shift from vulnerability to 
risk-based assessments (Estoque et al., 2023; GIZ and EURAC, 2017).

Beyond coastal applications, Feizizadeh and Kienberger (2017)
demonstrate how multi-criteria vulnerability assessment can include 
explicit sensitivity and uncertainty analysis. However, their framework 
is not specific to coastal systems and has not been applied to a CVI. 
Recent work has begun to explore transdisciplinary CVI frameworks that 
combine physical exposure with sociocultural, economic, and environ
mental indicators (Rocha et al., 2023). Yet Rocha et al. (2023), like 
many of the studies they review, aggregate social and economic aspects 
into a single “socioeconomic” dimension, which can obscure differences 
between social equity, cultural and ecological resilience, and economic 
capital. Moreover, the updated IPCC definition of vulnerability as a 
function of susceptibility to harm and the capacity to cope and adapt is 
rarely embedded explicitly in existing CVI frameworks (Estoque et al., 
2023).

Chalençon et al. (2026) proposed a Sustainable Coastal Vulnerability 
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Index (SCVI) that enables a comprehensive assessment of coastal 
vulnerability, one that distinguishes explicitly between sociocultural, 
economic and environmental susceptibility and aligns with the updated 
IPCC definition of vulnerability by not only capturing exposure but also 
incorporating adaptive capacity. That work provides a conceptual 
framework for rethinking coastal vulnerability as a place of “spatial 
coincidence” (Le Berre et al., 2022). It supports a more holistic under
standing of coastal systems, helping to “see the whole coastline” and 
inform comprehensive sustainable local management.

This paper presents the first application of the SCVI proposed by 
Chalençon et al. (2026), to the coastline of County Cork, Ireland, a re
gion with a predominantly coastal population, diverse ecosystems, and 
growing exposure to sea-level rise and storm-related hazards (Cork 
County Council, 2019). Using available spatial datasets, the SCVI is 
implemented in a GIS environment to generate vulnerability maps. A 
key contribution of this paper is a comprehensive sensitivity analysis, 
which evaluates how methodological choices influence index outcomes. 
This component, rarely addressed in CVI applications, enhances both the 
transparency and the robustness of the results. These developments 
demonstrate how a sustainability-focused, transdisciplinary CVI can 
offer more reliable, interpretable, and actionable insights for local 
coastal management, while remaining adaptable to variable data 
availability.

2. Methodology

2.1. Study area

This study focuses on the coastline of County Cork, west of Cork 
Harbour, in the southwest of Ireland (Fig. 1). The coastline extends for 
over 1100 km, including sandy beaches, rocky headlands, estuaries, 
dune systems, and saltmarshes (Neilson and Costello, 1999). These 
features contribute to the region's high environmental value but also 
expose it to significant coastal hazards, including erosion, storm surges, 
and projected sea-level rise, particularly in low-lying and sedimentary 
areas which are often the first site of landfall for weather systems 
approaching from the south-west across the Atlantic Ocean. The offshore 
wave climate along Ireland's Atlantic margin is energetic, but nearshore 
wave exposure is highly spatially variable: on exposed western head
lands, average winter wave power at the 15 m isobath can reach 75 
kW/m and average winter significant wave height up to 2.8 m. The tidal 
regime is semi-diurnal, with a mesotidal to locally macrotidal range of 
approximately 2.8–3.7 m, contributing to extensive intertidal areas and 
affecting the timing and severity of coastal flooding in low-lying 

estuaries and bays.
County Cork, with a population of 330,000 excluding Cork City 

(CSO, 2023), is home to a predominantly coastal population, with sig
nificant concentrations of human activity along the shoreline (Central 
Statistics Office CSO, 2016). Coastal settlements are socioeconomically 
diverse, ranging from historic towns to rural fishing communities, and 
the region's economy depends heavily on coastal locations for tourism, 
agriculture, and marine-based industries (Cork County Council, 2020). 
Cultural heritage is deeply embedded in the coastal landscape, with 
numerous archaeological and historical sites contributing to a strong 
sense of place (Cork County Council, 2022).

Ireland's approach to coastal management and vulnerability assess
ment has historically been fragmented, with limited national-scale 
integration, very limited coastal monitoring, and no dedicated coastal 
governance structure (Caloca-Casado, 2018; Devoy, 2008; Falaleeva 
et al., 2011; Farrell et al., 2021; O'Mahony et al., 2014). While the 
Geological Survey of Ireland (GSI) is developing (as of 2025) a national 
Coastal Vulnerability Index based on a modified Gornitz (1991) model, 
there remains a need for more comprehensive approaches. County Cork 
offers a highly relevant test case for advancing such methods.

2.2. Methodological framework: the multi-index approach

The SCVI presented here is structured as a modular, multi-index tool, 
integrating five thematic subindices (Fig. 2). The Coastal Hazard Index 
(CHI) characterises direct exposure to dynamic coastal processes. The 
Physical Susceptibility Index (PSI) reflects the intrinsic susceptibility of 
the physical landscape. The Sociocultural Susceptibility Index (ScSI) 
represents social, demographic, and cultural dimensions of vulnera
bility. The Economic Susceptibility Index (EcoSI) assesses the exposure 
and robustness of economic assets and infrastructure. The Environ
mental Susceptibility Index (EnSI) evaluates the ecological susceptibility 
of coastal habitats and ecosystems. These are organised into two com
posite dimensions: a Physical Vulnerability Index (PVI = CHI + PSI) and 
a Sustainable Susceptibility Index (SSI = ScSI + EcoSI + EnSI), which are 
then combined to produce the final SCVI. The framework is grounded in 
a transdisciplinary understanding of vulnerability that includes both 
exposure and adaptive capacity, aligning with the updated IPCC defi
nition (IPCC, 2014; GIZ and EURAC, 2017). Exposure refers to the 
presence of human and environmental systems within the coastal zone 
that may be affected by coastal hazards. Sensitivity describes the degree 
to which these exposed systems may be affected, reflected in the clas
sifications of the susceptibility parameters. Adaptive capacity, or resil
ience, represents the ability of these systems to cope with or respond to 

Fig. 1. Region of the County Cork coastline for which the SCVI was mapped, with the County Council municipal road engineering subareas shown.
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impacts and is captured through indicators such as groundwater 
vulnerability, public services, social vulnerability, tourism dependency, 
or ecosystem protection status. The final SCVI is delivered in the form of 
a 50 m by 50 m grid, extending 1 km inland from the coastline, as an 
operational ‘coastal strip’, consistent with common practice in 
GIS-based coastal vulnerability mapping and related coastal-risk prod
ucts (Jenkins et al., 2017, p. 18; Tanim et al., 2022), allowing the user to 
interrogate each individual cell and retrieve the vulnerability score per 
parameter and subindex.

2.3. Parameter selection and classification

The SCVI is applied here using parameters specific to County Cork, 
yet it is designed as a flexible and adaptable framework for broader 
applications. The conceptual “boxes” in Fig. 2 can be populated with 
context-appropriate indicators depending on data availability, scale and 
management priorities, provided the distinction between coastal forc
ings and responses, and between exposure and adaptive capacity within 
each susceptibility subsystem is maintained.

The SCVI presented here is a baseline assessment based on the most 
recent best-available spatial datasets for each parameter. As commonly 
encountered in applied coastal assessments, input layers are not fully 
harmonised to a single reference year, reflecting constraints in data 
availability. Most parameters describe slowly varying structural 

conditions, while the hazard component is explicitly scenario-capable: 
CHI inputs can be replaced with modelled projections for specific hori
zons to generate SCVI outputs for climate-change planning.

Table 1 provides an overview of the parameters selected for County 
Cork and their associated classification schemes. To maintain clarity in 
the main text, detailed descriptions of the rationale, data sources, pre- 
processing steps, and classification methods for each parameter are 
provided in Appendix A.

The coastal hazard component distinguishes between coastal forc
ings and coastal responses (Fig. 2). Coastal forcings describe the hy
drodynamic conditions that drive coastal change. Relative sea-level rise 
(rSLR) expresses long-term changes in mean water level at the coast, 
which modulate the frequency and magnitude of extreme sea levels and 
can amplify both flooding and shoreline retreat. Wave climate summa
rises the nearshore wave regime, which governs the energy available 
along exposed coasts. Coastal responses capture how the shoreline and 
adjacent low-lying areas have reacted, or are likely to react, to these 
forcings. The long-term shoreline change rate (LRR) reflects the histor
ical tendency of the coastline to erode or accrete. Finally, the coastal 
flooding layer represents the spatial extent and intensity of inundation 
under extreme water-level scenarios.

Physical susceptibility is described by tidal range, coastal slope, and 
elevation as exposure parameters, because microtidal, low-lying and 
gently sloping coasts have a larger area that can be inundated or eroded. 

Fig. 2. The SCVI is a coastal and sustainable framework made of five subindices hazard- and susceptibility-focused which are used to calculate two components; the 
Physical Vulnerability Index (PVI) and the Sustainable Susceptibility Index (SSI). The combination of the two latter components forms the final SCVI.
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Table 1 
Parameter sourcing, processing and classification.

Index Parameter Source Data 
type

Classification Data to Grid

Very low (1) Low (2) Moderate (3) High (4) Very high (5)

Coastal Hazard Relative Sea 
Level Rise (rSLR)

Geological Survey 
Ireland (GSI)

Point ​ 4.9-5.4 (mm/ 
yr)

5.4-5.7 (mm/ 
yr)

>5.7 (mm/ 
yr)

​ Closest

Shoreline 
Change (LRR)

Chalençon et al., 
2026: DSAS Linear 
Regression Rates 
from 5 
automatedly 
detected 
vegetation lines 
(2000 to 2021) at 
a 10 m resolution

Point >+ 0.27 (m/ 
yr)

+0.27 to 
− 0.27 (m/yr)

− 0.27 to − 0.5 
(m/yr)

− 0.5 to − 1 
(m/yr)

< − 1 (m/yr) Mode of the 
overlapping 
points or 
mode within 
250 m

Flooding (Flood) Office of Public 
Works (OPW) 
National Coastal 
Flood Extents 
2021 and Irish 
Coastal Wave and 
Water Level 
Modelling Study 
Coastal Area 
Potentially 
Vulnerable to 
Wave Overtopping 
(CAPO) extent 
Extreme Wave 
Events (O'Brien 
et al., 2018)

Polygon Absence 1000-year 
return period

200-year 
return period

10-year 
return period

CAPO/ 
Extreme 
Wave

Maximum

Wave Climate 
(WaveClim)

Average winter 
wave orientation 
and wave power 
(October-April 
2000-2020) from a 
nearshore wave 
model at a 400 m 
resolution

Point Wave power 
<5 kW/m and 
Incidence 
angle >75◦

Wave power 
<10 kW/m 
and not a 
sandy shore 
environment

Wave power 
<5 kW/m and 
Incidence 
angle >60◦

Wave power 
<10 kW/m 
and Incidence 
angle >75◦

Wave power 
<20 kW/m 
and not a 
sandy shore 
environment

Wave power 
<5 kW/m and 
Incidence 
angle >45◦

Wave power 
<10 kW/m 
and Incidence 
angle >60◦

Wave power 
<20 kW/m 
and Incidence 
angle >75◦

Wave power 
<50 kW/m 
and not a 
sandy shore 
environment

Wave power 
<5 kW/m 
and 
Incidence 
angle <45◦

Wave power 
<10 kW/m 
and 
Incidence 
angle >45◦

Wave power 
<20 kW/m 
and 
Incidence 
angle >60◦

Wave 
power<50 
kW/m and 
Incidence 
angle >75◦

Wave power 
>50 kW/m 
and not a 
sandy shore 
environment

Wave power 
<10 kW/m 
and 
Incidence 
angle <45◦

Wave power 
<20 kW/m 
and 
Incidence 
angle <60◦

Wave power 
<50 kW/m 
and 
Incidence 
angle <75◦

Wave power 
>50 kW/m 
and 
Incidence 
angle <90◦

Closest

Physical 
Susceptibility

Tidal range 
(Tide)

Geological Survey 
Ireland (GSI)

Point >4.5 4.5 - 3.8 3.8 - 2.8 2.8 - 1.4 1.4 - 0.7 Mode of the 
overlapping 
points or 
mode within 
250 m

Slope (Slope) OPW Coastal 
Aerial LiDAR 
Survey 2021 
INFOMAR latest 
bathymetry 
dataset

Grid >12% 9-12% 6-9% 3-6% <3% Mode

Elevation (Elev) OPW Coastal 
Aerial LiDAR 
Survey 2021

Grid >6 3 to 5.9 2 to 2.9 1 to 1.9 <1.0 Mode

Groundwater 
(GrWater)

GSI Groundwater 
vulnerability

Polygon Low Moderate High Extreme Rock at 
surface/ 
Water

Maximum

(continued on next page)
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Table 1 (continued )

Index Parameter Source Data 
type 

Classification Data to Grid

Very low (1) Low (2) Moderate (3) High (4) Very high (5)

Geomorphology 
(Geomo)

GSI Quaternary 
Sediments 
Tailte Ireland - 
National Land 
Cover Map (2018)

Polygon Bedrocks Embankment/ 
Pier

Gravels/ 
Limestones/ 
Tills/Screes

Alluvium/ 
Silts/Clays/ 
Peats/ 
Lacustrine 
Sediments

Marshes/ 
Mudflats/ 
Sands/ 
Industrial/ 
Urban/ 
Landfill

Maximum

Sociocultural 
Susceptibility

Density (PopD) Central Statistics 
Office (CSO) 
Census 2022

Polygon <769 
inhabitants/ 
km2

<3032 
inhabitants/ 
km2

<5238 
inhabitants/ 
km2

<8140 
inhabitants/ 
km2

≥8140 
inhabitants/ 
km2

Maximum

Residential 
buildings (Resid)

Geodirectory Point Absence 
within 50 m

​ ​ ​ Presence 
within 50 m

Maximum

Cultural heritage 
(Cult)

National 
Inventory of 
Architectural 
Heritage (NIAH) 
National Maritime 
Planning 
Framework 
National 
Monuments 
Service (NMS) 
Record of 
Protected 
Structures

Point Absence 
within 50 m

​ ​ ​ Presence 
within 50 m

Maximum

Public services 
(PServ)

Open Street Map 
(Schools, 
hospitals, 
healthcare 
facilities, fire 
stations, police 
stations, transport 
stations)

Point Absence 
within 50 m

​ ​ ​ Presence 
within 50 m

Maximum

Social 
Vulnerability 
(SVI)

Central Statistics 
Office (CSO) 
Census 2022 
Irish Social 
Vulnerability to 
Environmental 
Hazards Index 
(ISVEHI) (
McCullagh et al., 
2025)

Polygon < − 1 > − 1 > − 0.5 >0.5 >1 Maximum

Economic 
Susceptibility

Land Use/Cover 
(LU)

Tailte Ireland - 
National Land 
Cover Map (2018)

Polygon Waterbodies/ 
Exposed Rock 
and 
Sediments/ 
Mudflats

Treelines 
Forests/ 
Woodlands

Peat/Bog/ 
Hedgerows/ 
Bracken/ 
Scrub/Burnt 
areas/Heath/ 
Marshes/ 
Swamp/Dune

Grasslands/ 
Cultivated 
Land

Ways/ 
Artificial 
Surfaces/ 
Buildings

Maximum

Commercial and 
industrial 
buildings 
(ComIndu)

Geodirectory Point Absence 
within 50 m

​ ​ ​ Presence 
within 50 m

Maximum

Road and rail 
networks 
(Networks)

Cork County 
Council Road 
schedule 
Tailte Eireann - 
National Land 
Cover Map (Ways)

Polyline Absence ​ Ways Local roads National and 
regional 
roads

Maximum

Density of 
tourism 
infrastructures 
(Tourism)

Open Street Map 
(key: leisure, key: 
tourism; e.g. Surf 
school, B&B, or 
visitor centre)

Polygon Absence <2 <10 <20 >20 Maximum

Sensitive 
infrastructures 
(Sensitive)

Environmental 
Protection Agency 
(EPA) Licensed 
facilities 
EPA Urban Waste 
Water Treatment 
Plant Location

Points Absence 
within 50 m

​ ​ ​ Presence 
within 50 m

Maximum

Environmental 
Susceptibility

Biodiversity 
Richness 
(Biodiver)

Ecosystems 
Services, Mapping 
and Assessment 

Grid <400 <500 <600 <750 >750 Maximum

(continued on next page)
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Geomorphology and groundwater susceptibility indicate adaptive ca
pacity, reflecting the resistance of landforms to erosion and the 
vulnerability of coastal aquifers to saltwater intrusion. Sociocultural 
susceptibility uses population density, residential buildings and cultural 
heritage as exposure indicators, capturing people, housing and heritage 
assets, while public services and social vulnerability represent 
community-level capacity to prepare for, respond to and recover from 
coastal impacts. Economic susceptibility is characterised by land use/ 
land cover, commercial and industrial buildings, and transport networks 
as exposure indicators, locating economic activities and critical infra
structure that may be directly damaged by flooding and erosion. 
Tourism infrastructure and sensitive infrastructure (such as wastewater 
treatment plants, energy facilities and hazardous industries) are 
included as adaptive-capacity indicators because they express how 
strongly local livelihoods and essential services depend on coastal assets 
and how much secondary risk may arise if these facilities are impacted. 
Environmental susceptibility uses biodiversity richness and the presence 
of protected or policy-relevant species as exposure indicators, identi
fying ecosystems and species of high conservation value at risk from 
coastal hazards, while ecological connectivity and the level of envi
ronmental protection indicate the capacity of ecosystems to maintain 
functions and benefit from conservation and recovery measures.

2.4. Weighting and aggregation

To determine the relative importance of the 23 parameters used in 
the Sustainable Coastal Vulnerability Index (SCVI), a structured Analytic 
Hierarchy Process (AHP) survey was conducted. The survey gathered 
input from 24 experts involved in the Cork coastline vulnerability 
assessment project, including representatives from academia (10), 
public authorities (6), governmental agencies (2) and consultancies (6). 
This large and balanced panel, with no single stakeholder group domi
nating, helped to minimise individual and institutional bias in the AHP 

process. Participants were asked to perform pairwise importance com
parisons, to derive weights for each parameter within their respective 
subindices. The results of the survey were compiled and analysed to 
produce a final weighting table (Table 2), which was then used to 
calculate subindices. Each subindex was constructed through a weighted 
sum of its constituent parameters. This method was chosen for its 
transparency and ease of implementation, and to remain consistent 
across all components of the index. The implications of this aggregation 
choice are further evaluated through a sensitivity analysis presented in 
Section 3.3.

The five thematic scores were aggregated into two overarching 
components: the Physical Vulnerability Index (comprising CHI and PSI) 
and the Sustainable Susceptibility Index (comprising ScSI, EcoSI and 
EnSI) (Fig. 2). Each component was computed using a second-level 
weighted sum, with weights derived from the AHP survey (Table 2), 
with the exception of EnSI, where an initial weight of 32% dispropor
tionately influenced the final SCVI rankings. Given the comparatively 
higher uncertainty and coarser resolution of the environmental datasets, 
this imbalance was interpreted as a potential source of methodological 
sensitivity rather than an intended outcome of the conceptual weighting 
scheme. The EnSI weight was therefore reduced to 20% as an uncer
tainty management step, preserving its importance while preventing it 
from disproportionately affecting the final SCVI outcomes. A simple 
sensitivity test comparing SCVI maps showed that, under the original 
weights the SCVI was more strongly correlated with EnSI than with the 
sociocultural or economic subindices (r ≈ 0.44 vs 0.36–0.38), whereas 
after adjustment the influence of the three susceptibility dimensions 
became more balanced (r ≈ 0.32 vs 0.46–0.49).

Finally, the SCVI score for each 50 m grid cell was calculated as the 
product of the Physical Vulnerability Index (PVI) and the Sustainable 
Susceptibility Index (SSI) scaled from 1 to 5 (eq. (1)). 

Table 1 (continued )

Index Parameter Source Data 
type 

Classification Data to Grid

Very low (1) Low (2) Moderate (3) High (4) Very high (5)

National Pilot – 
National Parks & 
Wildlife Services 
(NPWS) 2017 
Ecosystem 
Function Stock 
Map - Terrestrial 
Biodiversity

Protected species 
(Species)

Ecosystems 
Services, Mapping 
and Assessment 
National Pilot - 
NPWS 2017 
Legally Protected 
and Policy 
Relevant Species 
Coincidence

Grid <3300 <7950 <11,100 <15,150 >15,150 Maximum

Ecological 
connectivity 
(Connect)

Ecosystems 
Services, Mapping 
and Assessment 
National Pilot - 
NPWS 2017 
Contribution to 
ecological 
networks

Grid Absence ​ Part of 1 
ecological 
network

Part of 2 
ecological 
network

Part of 3 
ecological 
network

Maximum

Designations 
(Designat)

NPWS (Special 
Areas of 
Conservation, 
Special Protection 
Areas, Natural 
Heritage Areas) 
Ramsar 
convention

Grid Absence ​ International European National Maximum
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SCVI=1 +
(PVI*SSI) − 1

6
(1) 

This multiplicative approach ensures that high SCVI scores only arise 
where physical vulnerability and systemic susceptibility co-occur. Un
like linear normalisation, the multiplicative form prevents compensa
tion between dimensions, emphasising the spatial coincidence between 
coastal hazards and the vulnerability of assets, as advocated by Le Berre 
et al. (2022). Although the multiplicative combination resembles for
mulations commonly used in risk assessments, these assessments typi
cally combine hazard probability, exposure, and potential 
consequences. In contrast, the SCVI focuses on characterising the sus
ceptibility of coastal landscapes and socioecological systems under 
prevailing coastal hazard conditions. As such, the SCVI should be 
interpreted as a vulnerability index that can support risk screening and 
coastal planning, rather than a quantitative risk metric.

3. Results

3.1. Regional and local SCVI patterns

The SCVI was computed at a 50 m resolution within a 1 km coastal 
buffer (top panel of Fig. 12). Hotspots of very high vulnerability align 
with coastal towns characterised by dense populations and clustered 
infrastructure. A distinct spatial gradient is evident: cells closest to the 
shoreline typically exhibit higher vulnerability, while those farther 
inland tend to be classified as very low. Although proximity to the coast 
was initially included in Chalençon et al. (2026), it was removed after 
sensitivity testing revealed high collinearity with other variables. 
Nonetheless, the resulting SCVI pattern still captures the influence of 
coastal proximity, reinforcing the robustness of the index and the 
rationale for excluding a dedicated distance parameter. Estuarine areas 
also emerge as prominent hotspots of high and very high vulnerability. 
These environments are particularly susceptible due to their low 
elevation, dynamic geomorphology, and exposure to sea-level rise and 
storm surges. At the same time, estuaries have long been focal points of 
human settlement and economic activity, while also hosting ecologically 
important habitats, making them highly vulnerable from both socio
economic and environmental perspectives.

To further investigate how the five subindices are compounded, five 
sites were selected for closer examination (Fig. 12, A, B, C, D, E), 
reflecting a diverse range of coastal settings. This detailed analysis en
ables a more granular interpretation of how local characteristics drive 
vulnerability at finer spatial scales.

Across the five sites (Fig. 12), the CHI highlights high-energy wave- 
exposed beaches with a history of shoreline retreat and estuarine areas 
as hazard hotspots, with very high values at Allihies (A) and Barley Cove 
(B) on the west coast, as well as two distinct hazard zones at Owena
hincha (Fig. 12, C3), more limited erosion-prone segments at Inchydo
ney (D), and shoreline retreat along the margins of Garretstown and 
Garrylucas (Fig. 12, E3). PSI is generally very high wherever low-lying, 
low-slope sandy beaches and dune systems occur, and also extends 
inland over estuarine wetlands at Owenahincha and the Old Head 
(Fig. 12, C4 and E4). Together, CHI and PSI show that the most physi
cally vulnerable areas are exposed sandy shorelines and associated back- 
beach and estuarine systems.

Sociocultural and economic indices reveal more localised patterns. 
ScSI is typically moderate and concentrated behind the beaches, where 
residential areas, holiday apartments and caravan parks (Fig. 12, C5) or 
small settlements are present. It remains low at sites with sparse housing 
and low social vulnerability, such as Inchydoney (Fig. 12, D5). EcoSI, by 
contrast, picks out economic hotspots near roads, tourism-related busi
nesses, resorts and sensitive infrastructure. These include, for example, 
localised high values close to a wastewater treatment plant and resort at 
Owenahincha (Fig. 12, C6), tourism accommodation and access roads at 
Barley Cove and Inchydoney (Fig. 12, B6 and D6), and the road network 
and commercial uses between Garretstown and Garrylucas (Fig. 12, E6). 
Overall, socioeconomic susceptibility is spatially confined but often 
closely aligned with back-beach infrastructure. Environmental suscep
tibility is more site-dependent. EnSI is generally limited at Allihies 
(Fig. 12, A7), where only a small hotspot emerges, but shows high values 
where biodiversity, protected species and overlapping designations 
converge. This is particularly evident at Barley Cove (Fig. 12, B7), where 
a Special Area of Conservation intersects with a Special Protection Area, 
around the estuary and dunes at Owenahincha (Fig. 12, C7), and across 
the dune and wetland systems at Inchydoney and the Old Head (Fig. 12, 
D7 and E7).

The composite SCVI integrates these dimensions. Very high SCVI 
values are found where exposed, erosion-prone sandy coasts and estu
aries overlap with roads, buildings and tourism infrastructure, such as 
the northwestern part of Allihies, the Barley Cove estuary and Old Head 
tombolo beaches, the roads behind the Owenahincha beaches, the road 
and buildings immediately behind the Inchydoney dunes, and the back- 

Table 2 
AHP derived weights. The Consistency Ratio (CR) indicates how consistent the 
judgments are in an AHP comparison matrix and should be below 10% for 
acceptable reliability. (*) These weights are not directly derived from the AHP 
survey.

Component Parameter AHP 
Weights

Consistency Ratio 
(CR) should be 
<10%

Coastal Hazard Relative Sea Level Rise 
(rSLR)

18% 0.59%

​ Shoreline Change (LRR) 30%
​ Flooding (Flood) 28%
​ Wave Climate 

(WaveClim)
24%

Physical 
Susceptibility

Tidal range (Tide) 14% 0.67%

​ Slope (Slope) 15%
​ Elevation (Elev) 32%
​ Groundwater (GrWater) 10%
​ Geomorphology 

(Geomo)
28%

Physical 
Vulnerability

Coastal Hazard Index 
(CHI)

60% N/A

​ Physical Susceptibility 
Index (PSI)

40%

Sociocultural 
Susceptibility

Density (PopD) 31% 1.56%

​ Residential buildings 
(Resid)

19%

​ Cultural heritage (Cult) 7%
​ Public services (PServ) 23%
​ Social Vulnerability 

(SVI)
20%

Economic 
Susceptibility

Land Use/Cover (LU) 11% 1.22%

​ Commercial and 
industrial buildings 
(ComIndu)

12%

​ Road and rail networks 
(Networks)

33%

​ Density of tourism 
infrastructures 
(Tourism)

10%

​ Sensitive infrastructures 
(Sensitive)

33%

Environmental 
Susceptibility

Biodiversity Richness 
(Biodiver)

27% 1.49%

​ Protected species 
(Species)

30%

​ Ecological connectivity 
(Connect)

20%

​ Designations (Designat) 23%
Sustainable 

Susceptibility
Sociocultural 
Susceptibility (ScSI)

40% * N/A

​ Economic 
Susceptibility (EcoSI)

40% *

​ Environmental 
Susceptibility (EnSI)

20% *
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beach roads at Garretstown and Garrylucas. In all sites, SCVI hotspots 
emerge at the interface between highly sensitive coastal landforms and 
concentrated human use or environmental designations, rather than 
over the full extent of physically exposed shoreline.

3.2. Vulnerability class coverage and drivers of SCVI variability

The high and very high vulnerability classes in the study area cover 
approximately 57 km2 and 13 km2, respectively, accounting for 12% of 
the total area (Fig. 13). In contrast, low and very low vulnerability levels 

cover approximately 184 km2 and 210 km2, comprising 67% of the study 
area. Clonakilty is the municipal engineering subarea (Fig. 1) with the 
highest proportion of high and very high vulnerability (22%) (Fig. 13). 
Clonakilty town lies within a tidal estuary shaped by the Fealge River, 
bordered by extensive wetlands and low-lying terrain. These conditions 
inherently increase susceptibility to coastal hazards such as flooding, 
storm surges, and sea-level rise. The presence of the Inchydoney dune 
system further indicates active sedimentary dynamics that are vulner
able to erosion and morphological change under both natural and 
anthropogenic pressure. Additionally, the concentration of tourism 

Fig. 3. Parameter redundancy and multicollinearity screening. Pairwise Pearson correlation matrices (top) and variance inflation factors (bottom) for the parameters 
comprising each subindex (CHI, PSI, ScSI, EcoSI, EnSI).
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infrastructure in Clonakilty and around Inchydoney Beach, a designated 
Blue Flag site, increases exposure by placing high-value assets in hazard- 
prone coastal zones.

Using first-order variance propagation applied to M = PVI× SSI, 
SCVI spatial variability is primarily driven by the physical component, 
with PSI contributing 37% and CHI 24% of total variance (61% com
bined). The remaining variability is explained by the sustainability 
susceptibility dimensions, led by EcoSI (18%) and ScSI (13%), while 
EnSI contributes 8%.

3.3. Sensitivity analysis

Evaluating the robustness and reliability of the SCVI framework re
quires more than just assessment of the final outputs and their inter
pretation in the context of features at each site, especially if the 
approach is to be transferable and scalable. It necessitates a closer ex
amination of how the individual components of the index respond to 
methodological choices and data variability.

3.3.1. Parameter redundancy and collinearity
Potential redundancy among parameters was assessed using Pearson 

correlations and Variance Inflation Factors (VIFs) (Fig. 3). Following 
Pantusa et al. (2022), VIF values > 10 were treated as the indicative 
threshold above which multicollinearity may affect model estimates. In 
CHI, no strong correlations were observed; rSLR was the only variable 
exceeding the VIF threshold, primarily because it has no spatial vari
ance, which can inflate VIF even in the absence of true collinearity. PSI 
showed only weak to moderate correlations (all r < 0.62), while all VIFs 
remained <7. In ScSI, population density and residential buildings had 
VIFs >10 due to spatial coincidence but were retained as complemen
tary measures of social exposure. EcoSI displayed moderate correlation 
between land use and transport networks (r = 0.54) and elevated VIFs 
for land use and sensitive infrastructure linked to urban clustering; both 
were preserved due to distinct relevance. EnSI showed moderate cor
relations among biodiversity richness, designations and connectivity; 
biodiversity richness exceeded the VIF threshold but was retained for 
ecological relevance. Overall, no variables were removed at this stage, as 
overlaps were expected and each parameter contributed complementary 

information.

3.3.2. Aggregation methods
The second phase of the sensitivity analysis evaluated the influence 

of aggregation choices. At the subindex level, six aggregation operators 
were compared (Fig. 4). The baseline weighted-sum approach used in 
this study remained highly consistent with all alternatives (r > 0.89 for 
all subindices), with CHI, PSI and EcoSI showing particularly strong 
agreement (r > 0.95). ScSI and EnSI displayed slightly greater variation, 
but overall correlations remained high, indicating that subindex pat
terns are not strongly dependent on the chosen aggregation logic.

At the composite level (Fig. 5), three alternative SCVI formulations 
were tested to assess sensitivity to the overall aggregation structure. 
SCVI_WS corresponds to a weighted sum of the five subindices. SCVI_
CHIx applies a multiplicative structure in which CHI scales a weighted 
sum of the remaining four subindices, increasing the emphasis on hazard 
exposure. SCVI_PVIx multiplies the Physical Vulnerability Index (PVI =
CHI + PSI, weighted) by the Sustainable Susceptibility Index (SSI = ScSI 
+ EcoSI + EnSI, weighted). Correlation matrices comparing these three 
formulations (Fig. 5) show strong agreement in both values and rankings 
(Pearson r > 0.89; Spearman ρ > 0.94), demonstrating that SCVI outputs 
are highly stable across plausible aggregation schemes.

3.3.3. Leave-one-out diagnostics
A leave-one-out analysis was used to quantify the influence of each 

parameter by recalculating its subindex and the composite SCVI after 
removing that parameter and measuring the mean change in outputs 
(Figs. 6 and 7). At the subindex level, all mean differences remained 
below 0.5, indicating that no single variable dominates any subindex. As 
expected, parameters with higher weights or distinctive spatial structure 
(elevation and geomorphology in PSI; protected species and environ
mental designation in EnSI) produced the largest shifts, reflecting their 
intended role.

At the SCVI level (Fig. 7), most parameters have limited influence on 
composite values (mean change < ±0.08) and rankings (rank shifts 
<18,000 across >200,000 cells), further supporting the overall robust
ness of the framework. The largest effects are associated with rSLR, 
elevation, sensitive infrastructure and protected species, which induce 

Fig. 4. Sensitivity of subindices to alternative aggregation operators. Pearson correlation matrices comparing subindex outputs computed using alternative ag
gregation methods (weighted sum, arithmetic mean, quadratic mean, geometric mean, harmonic mean, and product).
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both score changes and local reordering, consistent with their relevance 
to hazard forcing, physical susceptibility, cascading infrastructure risk 
and ecological sensitivity.

Although rSLR is spatially uniform and has the lowest weight, its 
removal in the leave-one-out tests produces a notable effect for two 
reasons. First, rSLR contributes a constant baseline term to CHI that is 
present in every grid cell, so removing it shifts CHI, and therefore PVI 
and SCVI, systematically downward across the entire map. Additionally, 
in the leave-one-out procedure the remaining CHI weights are renor
malised, increasing the relative influence of the spatially varying hazard 
layers (LRR, Flood, WaveClim), which can induce local reordering even 
when overall rank agreement remains high. Conversely, tourism density, 
cultural heritage and commercial/industrial buildings yield minimal 
changes when omitted, consistent with their lower weights and more 

localised contributions.

3.3.4. Weights perturbations
Uncertainty in weighting was evaluated using Monte Carlo simula

tions (1000 iterations) in which weights were perturbed while holding 
input datasets constant. At the subindex level, results indicate moderate 
but controlled sensitivity to weight variability (Fig. 8). ScSI was the most 
stable, showing the lowest dispersion, whereas EnSI exhibited the 
greatest variability and occasional outliers, consistent with its more 
spatially concentrated inputs and higher leverage seen in the leave-one- 
out analysis. PSI and EcoSI showed intermediate sensitivity, while CHI 
displayed comparatively low dispersion, reflecting its smaller parameter 
set and limited variability in weight allocation.

At the composite level, two Monte Carlo experiments were run: 

Fig. 5. Agreement between alternative SCVI aggregation formulations. Pearson (values) and Spearman (ranks) correlation matrices comparing SCVI outputs pro
duced using three composite formulations (SCVI_WS, SCVI_CHIx, SCVI_PVIx).

Fig. 6. Leave-one-out influence diagnostics. Mean absolute change in each subindex when one parameter is removed and the remaining weights are renormalised.
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perturbing parameter weights within subindices and perturbing subin
dex weights (Fig. 9). In both cases, SCVI value dispersion remained low 
(typically ± 0.25), indicating that plausible weight uncertainty in
troduces only modest changes in composite scores. Rank variability was 
higher, particularly under subindex-level perturbations, reflecting the 
influence of shifting balance across dimensions, but without evidence of 
systemic instability. Consistent with this, Table 3 shows high median 
rank agreement with the baseline (Spearman ρ = 0.86–0.99) and sub
stantial class persistence for SCVI (median 73.75% of cells remaining in 
the same class), while hotspot persistence is moderate (median 49.08% 
overlap of the top 10% most vulnerable cells). Together, these results 
support the robustness of the weighting framework, while reinforcing 
the value of a rigorous participatory process, here implemented through 
AHP with 24 experts, because weighting choices still affect the precise 
spatial prioritisation of vulnerability.

3.3.5. Classification methods
The final sensitivity test examined how classification schemes affect 

the mapped distribution of vulnerability classes. Four common ap
proaches, equal intervals, quantiles, Jenks natural breaks, and standard 
deviation, were applied and compared (Figs. 10 and 11). Results show 
consistent behaviour across indices: equal intervals tend to under
represent higher vulnerability by concentrating most cells in low classes, 
whereas the standard deviation method shifts outputs toward higher 
classes and can overstate vulnerability beyond core hotspots. Quantiles 
produce more balanced class frequencies but may distort underlying 
structure by forcing equal-sized class populations. Overall, Jenks natural 
breaks provide the best compromise, preserving inherent groupings in 
the data while maintaining an interpretable class distribution, sup
porting its use for final map outputs. These comparisons also emphasise 
that classification is not neutral; it can materially influence how 
vulnerability is communicated and prioritised in planning, reinforcing 
the need for transparency in reporting map design choices.

From a decision-making perspective, the sensitivity analysis in
dicates that the spatial patterns of vulnerability identified by the SCVI 
are generally robust to methodological assumptions. The persistence of 
identified hotspots across multiple sensitivity scenarios suggests that 
priority areas for coastal management and adaptation are unlikely to be 
strongly dependent on specific methodological choices. These results 
support the use of the SCVI as a screening tool for identifying zones 
where further site-specific assessment or management interventions 
may be needed, while recognising that local scores should be interpreted 
as indicative rather than absolute measures of vulnerability.

4. Discussion

4.1. Embedding sustainability in coastal vulnerability

Most existing CVIs neglect less quantifiable but equally critical 
components such as cultural significance and ecosystem integrity. This 
study addresses that gap by incorporating subjective elements such as 
the place-based attachment to land noted by Devoy (2008), oper
ationalised here through spatial proxies of cultural heritage, residential 
settlement patterns and community assets, and by integrating ecological 
value as intrinsically important. While references to sustainable devel
opment are common in the framing of CVIs, few studies translate that 
commitment into their actual methodologies. The SCVI departs from this 
trend by operationalising a sustainability-informed structure, explicitly 
representing social, economic, and environmental features as distinct 
components within both parameter selection and weighting. This 
directly addresses the omission of environmental dimensions criticised 
by Myers et al. (2019) and Falaleeva et al. (2013) as undermining 
long-term planning legitimacy.

Fig. 7. Leave-one-out sensitivity of SCVI. Mean SCVI change (bars) and mean 
rank shift (line) observed when each input parameter is removed, and the index 
is recomputed.
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4.2. Ensuring transparency and methodological Rigour

VanZomeren and Acevedo-Mackey (2019) highlight the critical need 
for transparency in variable selection and data sourcing, and in the 
consequences of methodological decisions. This study responds by 
documenting each methodological choice and by explicitly quantifying 
sensitivity to common sources of uncertainty. As Harik et al. (2017)
stressed, indices inevitably involve simplification of complex systems, 
but the scientific validity of such tools depends on honest disclosure of 
assumptions and limitations. The extensive sensitivity analysis rein
forced this transparency by identifying where uncertainties existed and 
how they influenced final results; while correlation and VIF analyses are 
commonly used to remove variables with excessively high multi
collinearity (Pantusa et al., 2022; Rahman et al., 2021), methods such as 
Leave-One-Out analysis (Raghavan Sathyan et al., 2018; Roy et al., 
2024) and Monte Carlo analysis of AHP weights (Chen et al., 2011; 
Feizizadeh and Kienberger, 2017; Narra et al., 2019) are more rarely 
employed.

Fig. 8. Monte Carlo weight perturbations. Distribution of standard deviations of subindex values generated from 1000 Monte Carlo simulations in which within- 
subindex parameter weights are randomly perturbed (Dirichlet draws; weights positive and summing to one), with input datasets held constant.

Fig. 9. Monte Carlo sensitivity of SCVI to weight uncertainty. Distributions of per-cell standard deviations in SCVI values and ranks across 1000 Monte Carlo 
simulations with (left) within-subindex parameter-weight perturbations and (right) subindex-weight perturbations (Dirichlet draws; weights positive and summing to 
one), with input datasets held constant.

Table 3 
Stability of subindices and composite indices under Monte Carlo weight per
turbations. Indices were recalculated using Monte Carlo simulations in which 
within-subindex parameter weights were randomly perturbed (Dirichlet draws, 
weights >0 and summing to 1), while input datasets were held constant; each 
simulation was compared to the baseline (AHP-derived) results.

Index Median rank 
agreement with 
baseline (Spearman ρ)

Median share of cells 
in same class as 
baseline (%)

Median overlap of top 
10% highest values 
with baseline (%)

CHI 0.99 82.50 62.90
PSI 0.89 49.01 49.07
ScSI 0.99 80.38 63.19
EcoSI 0.97 75.50 60.68
EnSI 0.91 49.19 58.45
PVI 0.91 65.38 68.30
SSI 0.88 65.34 51.35
SCVI 0.86 73.75 49.08
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A remaining challenge is empirical validation. For composite 
vulnerability indices, “ground truth” is rarely available at comparable 
spatial and temporal resolution. Here, robustness testing is used to assess 
the internal stability of the SCVI under plausible methodological per
turbations, rather than to provide external validation. Nonetheless, 
external validation remains a priority for future applications, for 
example through comparison with independent records of coastal 
flooding and erosion impacts, infrastructure disruption, emergency 
response logs, or targeted field verification of mapped hotspots.

4.3. Transferability and scaling

This study demonstrates that a detailed vulnerability index can be 
constructed from freely available data. The 50 m resolution of the SCVI 
aligns with recommendations by Gargiulo et al. (2020), who underscore 
the importance of spatial granularity in capturing meaningful local 
variation. However, the effective analytical resolution is constrained by 
the coarsest input datasets used in the index construction. As with many 
spatially aggregated indicators, results may also be influenced by scale 
effects associated with the Modifiable Areal Unit Problem (MAUP), 
where spatial patterns can vary depending on the resolution and ag
gregation of spatial units. The chosen grid resolution therefore repre
sents a practical compromise between spatial detail and data 
availability, suitable for regional screening and planning applications 
but not intended to replace site-specific assessments. As Caloca-Casado 
(2018) noted, vulnerability assessments in Ireland are often hindered 
by sparse data and lack of coastal protection records. By leveraging 
existing datasets and expert input, many of these gaps were successfully 
addressed, resulting in the first comprehensive CVI for the Cork coast
line, a region with both limited prior research and pressing management 
needs.

The study's international relevance lies in the transferability and 
scalability of the framework, not in the assumption that identical data
sets exist everywhere. The SCVI is designed as a modular canvas (Fig. 2): 
its conceptual “boxes” can be populated with context-appropriate in
dicators depending on data availability, scale and decision needs, pro
vided the structural logic of the framework is preserved: coastal forcing 
and coastal response parameters must both be represented, and each 
susceptibility subsystem (sociocultural, economic and environmental) 
should include indicators describing both the assets present and their 
sensitivity or adaptive capacity, with at least two parameters populating 
each conceptual component. This flexibility should be presented 
alongside clear caveats: fewer, older or coarser inputs increase uncer
tainty and may reduce the ability to distinguish local drivers of 
vulnerability.

4.4. A study with and for coastal managers

Bukvic et al. (2020) and Rehman et al. (2022) stress the importance 
of participatory methods in enhancing relevance and stakeholder trust. 
The AHP process not only guided the initial index design but was later 
tested through sensitivity analysis. Where necessary, weights were 
adjusted to reflect data uncertainty, such as the recalibration of the EnSI 
weight, demonstrating an adaptive and transparent use of expert input.

The SCVI is primarily a time-specific snapshot assembled from the 
best available datasets, resulting in some inputs being temporally 
inconsistent, an issue that is difficult to fully avoid in applied coastal 
assessments that combine a wide variety of different datasets. Impor
tantly, the SCVI can be made time-relevant by substituting scenario- 
based hazard layers (sea-level rise time slices, projected wave climate, 
modelled flood extents, shoreline-change scenarios) to generate time- 
specific SCVI products, while keeping the susceptibility structure fixed 
or updating it as socioeconomic and environmental layers evolve. Doing 
so would allow managers to explore how hotspots shift under plausible 
futures, while retaining the interpretability of the current framework.

5. Conclusion

This study operationalised and evaluated a Sustainable Coastal 
Vulnerability Index (SCVI) for County Cork (Ireland), integrating coastal 
hazards with physical, sociocultural, economic and environmental sus
ceptibility, and explicitly representing both exposure and adaptive ca
pacity. The resulting maps highlight that the highest vulnerability areas 
are not simply found along the most exposed shorelines but are 
concentrated where hazards and sensitive coastal landforms spatially 
coincide with clustered infrastructure, settlements and high-value hab
itats. By combining a transparent GIS workflow with expert-derived 
weighting and a multi-stage sensitivity assessment, the SCVI provides 
a reproducible basis for coastal screening that can inform spatial plan
ning and zoning, prioritise sites for monitoring and field verification, 
and help shape climate-resilience strategies by distinguishing hotspots 
driven by coastal forcing from those driven by systemic susceptibility. 
The SCVI should be interpreted as a decision-support screening tool 
rather than a deterministic prediction; future extensions through 
scenario-based hazard inputs would allow hotspot evolution to be 
assessed under climate change or human interventions, while the 
modular framework remains transferable provided structural logic is 
preserved and uncertainty communicated accordingly.
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McCullagh, D., Cámaro-García, W., Dunne, D., Nowbakht, P., Cumiskey, L., Gannon, C., 
& Phillips, C. (2025). Development of a social vulnerability index: Enhancing 
approaches to support climate justice. MethodsX, 14, Article 103290. https://doi. 
org/10.1016/j.mex.2025.103290

McLaughlin, S., McKenna, J., & Cooper, J. A. G. (2002). Socio-economic data in coastal 
vulnerability indices: Constraints and opportunities. Journal of Coastal Research, 36, 
487–497. https://doi.org/10.2112/1551-5036-36.sp1.487

Myers, M. R., Barnard, P. L., Beighley, E., Cayan, D. R., Dugan, J. E., Feng, D., 
Hubbard, D. M., Iacobellis, S. F., Melack, J. M., & Page, H. M. (2019). 
A multidisciplinary coastal vulnerability assessment for local government focused on 
ecosystems, Santa Barbara area, California. Ocean & Coastal Management, 182, 
Article 104921. https://doi.org/10.1016/j.ocecoaman.2019.104921

Narra, P., Coelho, C., & Sancho, F. (2019). Multicriteria GIS-based estimation of coastal 
erosion risk: Implementation to Aveiro sandy coast, Portugal. Ocean & Coastal 
Management, 178, Article 104845. https://doi.org/10.1016/j. 
ocecoaman.2019.104845

Neilson, B., & Costello, M. J. (1999). The relative lengths of seashore substrata around 
the coastline of Ireland as determined by digital methods in a geographical 
information System. Estuarine, Coastal and Shelf Science, 49(4), 501–508. https://doi. 
org/10.1006/ecss.1999.0507

Noor, N. M., & Abdul Maulud, K. N. (2022). Coastal vulnerability: A brief review on 
integrated assessment in Southeast Asia. Journal of Marine Science and Engineering, 10 
(5), 595. https://doi.org/10.3390/jmse10050595

O'Brien, L., Renzi, E., Dudley, J. M., Clancy, C., & Dias, F. (2018). Catalogue of extreme 
wave events in Ireland: Revised and updated for 14 680 BP to 2017. Natural Hazards 
and Earth System Sciences, 18(3), 729–758. https://doi.org/10.5194/nhess-18-729- 
2018

Oloyede, M. O., Benson, N. U., & Williams, A. B. (2021). Climate change and coastal 
vulnerability assessment methods: A review. In IOP conference series: Earth and 
environmental science (Vol. 665), Article 012069. https://doi.org/10.1088/1755- 
1315/665/1/012069, 1.

O'Mahony, C., Kopke, K., Twomey, S., O'Hagan, A. M., & Gault, J. (2014). Integrated 
Coastal Zone management in Ireland. SWAN Research Project. Retrieved from https:// 
swanireland.ie/wp-content/uploads/2020/08/Integrated-Coastal-Zone-Manage 
ment-in-Ireland-SWAN-Report.pdf.

Pantusa, D., D'Alessandro, F., Frega, F., Francone, A., & Tomasicchio, G. R. (2022). 
Improvement of a coastal vulnerability index and its application along the Calabria 
Coastline, Italy. Scientific Reports, 12(1), Article 21959. https://doi.org/10.1038/ 
s41598-022-26374-w

Pantusa, D., D'Alessandro, F., Riefolo, L., Principato, F., & Tomasicchio, G. (2018). 
Application of a coastal vulnerability index. A case Study along the Apulian 
coastline, Italy. Water, 10(9), 1218. https://doi.org/10.3390/w10091218

Pramanik, M. K., Biswas, S. S., Mondal, B., & Pal, R. (2016). Coastal vulnerability 
assessment of the predicted sea level rise in the coastal zone of Krishna–Godavari 
delta region, Andhra Pradesh, east coast of India. Environment, Development and 
Sustainability, 18(6), 1635–1655. https://doi.org/10.1007/s10668-015-9708-0

Raghavan Sathyan, A., Funk, C., Aenis, T., Winker, P., & Breuer, L. (2018). Sensitivity 
analysis of a climate vulnerability index - A case study from Indian watershed 
development programmes. Climate Change Responses, 5(1), 1. https://doi.org/ 
10.1186/s40665-018-0037-z

Rahman, M., Ningsheng, C., Mahmud, G. I., Islam, M. M., Pourghasemi, H. R., 
Ahmad, H., Habumugisha, J. M., Washakh, R. M. A., Alam, M., Liu, E., Han, Z., 
Ni, H., Shufeng, T., & Dewan, A. (2021). Flooding and its relationship with land 
cover change, population growth, and road density. Geoscience Frontiers, 12(6), 
Article 101224. https://doi.org/10.1016/j.gsf.2021.101224

Rehman, S., Jahangir, S., & Azhoni, A. (2022). GIS based coastal vulnerability assessment 
and adaptation barriers to coastal regulations in Dakshina Kannada district, India. 
Regional Studies in Marine Science, 55, Article 102509. https://doi.org/10.1016/j. 
rsma.2022.102509

Rizzo, A., Vandelli, V., Buhagiar, G., Micallef, A. S., & Soldati, M. (2020). Coastal 
vulnerability assessment along the North-Eastern sector of Gozo Island (Malta, 
Mediterranean Sea). Water, 12(5), 1405. https://doi.org/10.3390/w12051405

Rocha, C., Antunes, C., & Catita, C. (2023). Coastal indices to assess sea-level rise impacts 
- A brief review of the last decade. Ocean & Coastal Management, 237, Article 
106536. https://doi.org/10.1016/j.ocecoaman.2023.106536

Roy, S., Saha, M., Hasan, M. M., Razzaque, A., Sumaiya, N., Hoque, M. A.-A., Misiūnė, I., 
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