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Abstract

This study presents a comprehensive geospatial framework for assessing coastal vulner-
ability and ecosystem service distribution along the Greek coastline, one of the longest
and most diverse in Europe. The framework integrates two complementary components:
a Coastal Erosion Vulnerability Index applied to all identified beach units, and Coastal
Flood Risk Indexes focused on low-lying and urbanized coastal segments. Both indices
draw on harmonized, open-access European datasets to represent environmental, geo-
morphological, and socio-economic dimensions of risk. The Coastal Erosion Vulnerability
Index is developed through a multi-criteria approach that combines indicators of physical
erodibility, such as historical shoreline retreat, projected erosion under climate change,
offshore wave power, and the cover of seagrass meadows, with socio-economic exposure
metrics, including land use composition, population density, and beach-based recreational
values. Inclusive accessibility for wheelchair users is also integrated to highlight equity-
relevant aspects of coastal services. The Coastal Flood Risk Indexes identify flood-prone
areas by simulating inundation through a novel point-based, computationally efficient
geospatial method, which propagates water inland from coastal entry points using Ex-
treme Sea Level (ESL) projections for future scenarios, overcoming the limitations of static
‘bathtub’ approaches. Together, the indices offer a spatially explicit, scalable framework
to inform coastal zone management, climate adaptation planning, and the prioritization
of nature-based solutions. By integrating vulnerability mapping with ecosystem service
valuation, the framework supports evidence-based decision-making while aligning with
key European policy goals for resilience and sustainable coastal development.

Keywords: Coastal Vulnerability Index (CVI); coastal flood risk; climate adaptation;
geospatial analysis; earth observation; multi-criteria decision-making; Integrated Coastal
Zone Management (ICZM)

1. Introduction
Climate change is intensifying at a pace that is already driving widespread disruptions

to physical and ecological systems, including the increasing likelihood of crossing multiple
climatic tipping points [1,2] and accelerating ocean-related impacts such as warming [3],
acidification [4], deoxygenation [5], and biodiversity loss [6,7]. These rapidly unfolding
changes are amplifying the frequency and severity of extreme events, reshaping ecosystem
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structure and function, and heightening risks to human societies across all regions [8,9].
Coastal zones are among the areas where these climate-driven pressures manifest most
acutely, with shoreline erosion and coastal flooding emerging as two of the most pervasive
and damaging impacts worldwide [10]. Rising sea levels, intensifying storm regimes, and
sediment-supply disruptions facilitate increasing shoreline retreat in many regions, while
extreme water levels increasingly threaten flooding of low-lying coastal settlements and
infrastructure [11,12]. In the Mediterranean, coastal erosion and flooding already pose large
risks to its densely populated coastlines, concentrated tourism economies, and geomor-
phological sensitivity [13,14]. These dynamics underscore the need for spatially explicit
and scalable assessment frameworks capable of capturing both physical susceptibility and
socio-economic exposure along the coast. Such frameworks are also required to align with
ICZM-based climate adaptation approaches, which emphasize integrated and cross-sectoral
coastal planning across multiple governance levels [15].

The concept of vulnerability has become central in coastal risk assessments, particu-
larly in the context of climate-driven threats such as coastal erosion and flooding. Early
work in coastal vulnerability assessment introduced composite metrics, commonly referred
to as the Coastal Vulnerability Index (CVI), to rank coastal segments according to their
susceptibility to change [16,17]. The original CVI formulation combined multiple physical
variables, such as geomorphology, shoreline change, coastal slope, relative sea-level rise,
wave climate, and tidal range, into a single aggregated index.

Since then, CVI-based approaches have proliferated and diversified, leading to a
wide range of indicator selections, aggregation methods, and mapping practices [18–21].
While this diversity has expanded the applicability of vulnerability assessments, it has also
reduced methodological comparability and complicated the consistent interpretation of
results for cross-regional analysis and policy support.

A systematic review of coastal vulnerability studies found that most assessments are
conducted at the local or regional scale, with a strong focus on physical exposure and lim-
ited integration of social dimensions or policy relevance [22]. The review also highlighted
substantial methodological heterogeneity, including variation in indicator selection, incon-
sistent weighting and aggregation schemes, and a lack of standardized frameworks, which
limits comparability and reproducibility across studies and reduces their applicability for
policy-oriented coastal management and ICZM decision-support. Similarly, a more recent
meta-analysis of 43 “second-generation” vulnerability index studies emphasized that there
is still no consensus on indicator definitions or conceptual dimensions of vulnerability,
with many applications continuing to rely heavily on hazard-based or exposure-centric
paradigms [23]. Collectively, these reviews underscore a persistent gap between the evolv-
ing conceptual understanding of vulnerability, which emphasizes exposure, sensitivity,
and adaptive capacity, and its operationalization in coastal vulnerability indices, many of
which remain rooted in biophysical assessment traditions.

Recent advances in Earth observation and data-sharing policies have transformed
the possibilities for large-scale, consistent coastal assessments [24]. Across Europe, a suite
of open-access geospatial infrastructures, such as Copernicus Marine Service [25], the
Copernicus Land Monitoring Service [26], and Joint Research Centre datasets [27], offer
harmonized physical, environmental, and socio-economic layers at continental scale. These
resources provide unprecedented opportunities for implementing Integrated Coastal Zone
Management (ICZM) frameworks that are spatially explicit, reproducible, and cross-border
comparable. However, recent European assessments indicate that these data infrastruc-
tures remain under-utilized in Integrated Coastal Zone Management (ICZM) and Maritime
Spatial Planning (MSP) practices. Persistent barriers include fragmented data provision
driven by institutional and technical inconsistencies, such as differences in data ownership,
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formats, spatial resolution, and update cycles, as well as limited awareness and capacity
among practitioners to track rapidly evolving data infrastructures and methodologies.
Together, these factors contribute to a lack of harmonized geospatial data frameworks at
the regional level, limiting the effective integration of open-access datasets into ICZM appli-
cations [28]. This study introduces an ICZM-oriented geospatial framework that advances
coastal risk assessment in three specific ways. First, it jointly evaluates coastal erosion
vulnerability and coastal flood exposure within a single, internally consistent methodology
applied at the national scale, defined as spatially continuous, wall-to-wall coverage using
harmonized datasets, standardized spatial units, and uniform analytical workflows across
the entire coastline. Second, socio-economic dimensions, including land use, population
exposure, recreational economic value, and accessibility-related benefits, are explicitly
incorporated as normalized indicators within the index construction, where they are ag-
gregated alongside physical variables to form composite socio-economic importance and
overall vulnerability scores. This approach ensures that human use and coastal services
directly influence the resulting risk patterns, rather than being treated as ancillary overlays.
This allows human use and coastal services to directly influence vulnerability and exposure
patterns. Third, by relying exclusively on harmonized, open-access European datasets and
standardized geospatial workflows, the framework supports reproducible and transfer-
able assessments that facilitate cross-regional comparison, prioritization, and transparent
communication, key operational requirements of ICZM. Together, these features address
a well-recognized limitation in existing coastal assessments, namely the lack of spatially
consistent, scalable screening tools that integrate physical and socio-economic dimensions
to support strategic climate adaptation planning at higher governance levels.

In this context, this study develops a dual-framework geospatial methodology for
coastal risk assessment, demonstrated through a national-scale case study along the Greek
coastline. The framework consists of two complementary components designed to reflect
the distinct spatial scales and impact pathways of coastal erosion and coastal flooding.
Coastal erosion vulnerability is assessed through the Coastal Erosion Vulnerability Index
(CEVI), applied at the beach scale, where erosion processes directly affect sediment dy-
namics, ecosystem services, and socio-economic uses concentrated within discrete beach
units. In contrast, coastal flooding is assessed through Coastal Flood Risk Indices (CFRI)
applied to low-elevation coastal segments, capturing the broader spatial extent over which
sea-level rise and extreme sea-level events affect infrastructure, settlements, and population
exposure. Although CEVI and CFRI are calculated separately, the framework is designed
to present erosion vulnerability and flood exposure within a common ICZM-oriented
structure, enabling their coordinated interpretation for national-scale screening, compari-
son, and prioritization, rather than their aggregation into a single composite metric. The
use of different spatial units reflects the dominant spatial manifestation of each hazard,
while maintaining comparability through the use of harmonized datasets and standardized
analytical workflows applied consistently across the entire coastline.

Greece provides a representative and policy-relevant setting to pilot this framework.
A large proportion of the country’s population, infrastructure, and economic activity is
concentrated along its approximately 16,000 km coastline, which encompasses a wide
range of geomorphic settings, including mainland sandy beaches, rocky shores, low-lying
deltas, and numerous islands. Previous assessments indicate that Greek beaches and
low-elevation coastal systems are already experiencing significant erosion and increasing
exposure to extreme sea-level events, with these pressures expected to intensify in coming
decades [29,30]. These characteristics make Greece a suitable test case for evaluating an
ICZM-aligned, national-scale framework under heterogeneous coastal conditions and
governance contexts common across the Mediterranean region.
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2. Methodology
The approach adopted in this study is based on the integration of open-access spa-

tial explicit datasets and reproducible, scalable geospatial methodologies. These datasets
span physical variables (such as wave power and shoreline erosion), ecological variables
(including the cover of seagrass meadows), and socio-economic indicators (notably land
use, population distribution, and recreational value). An overview of the methodolog-
ical workflow and its two-phase structure is provided in Figure 1. All input datasets
were harmonized through reprojection to a common European spatial reference system
(EPSG:3035–ETRS89/LAEA Europe) to ensure spatial consistency and interoperability
across layers. For visualization purposes and alignment with global geospatial conventions,
final outputs were displayed in the EPSG:4326 (WGS 84) coordinate reference system. The
geospatial workflow combined a suite of advanced techniques and tools, implemented
primarily in QGIS 3.44 and a Python 3.10 environment. Buffering operations were con-
ducted to define zones of influence around each beach unit or coastal segment. Point-based
datasets were spatially matched to beach polygons through nearest-neighbor analysis,
ensuring that each polygon was assigned the most geographically relevant value based on
proximity and dataset resolution. Quantitative attributes extracted from these buffers or
point assignments were further normalized, classified, and combined using zonal statistics,
field calculations, and spatial joins.

 

Figure 1. Methodological graphical workflow.

In the flood risk component of the analysis, coastal elevation data (DEM) were pro-
cessed into millions of point features, each attributed with local elevation and projected
extreme sea level values for 2050 under RCP 8.5. A custom Python-based algorithm was
developed to propagate flooding inland using a proximity approach. Flood propagation
was constrained by topographic connectivity, such that inland low-elevation points lack-
ing continuous hydraulic connection to the shoreline were excluded, thereby reducing
false-positive inundation typical of static bathtub approaches. Further geospatial analysis
was used to associate flooded points with urban zones and to summarize affected points
within fixed 5 km coastal segments, a pragmatic reporting scale chosen to balance spatial
detail with interpretability and to support national-scale screening and comparison of
flood exposure patterns. These spatial aggregations supported the development of two
complementary coastal flood risk metrics: the Total Flood Exposure Index (TFEI), capturing
overall inundation along the coastline, and the Urban Flood Risk Index (UFRI), quantifying
exposure specifically within built-up areas. In comparison, the erosion component of the
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framework operates at the beach-unit scale and consists of (i) the Beach Erodibility Index
(BEI), which integrates physical and ecological drivers of shoreline susceptibility, and
(ii) the Socio-Economic Importance Index (SEII), which represents human and economic
exposure at each beach. The combination of these two indices forms the Coastal Erosion
Vulnerability Index (CEVI). By separating the beach-scale erosion indices (BEI, SEII, CEVI)
from the coastline-scale flood exposure indices (TFEI and UFRI), the framework preserves
the distinct hazard dynamics, spatial logics, and management implications of each threat.
Rather than being combined, erosion and flooding indices are intended to be interpreted
jointly as complementary layers within an ICZM screening framework, enabling decision-
makers to distinguish locations dominated by chronic shoreline retreat from those primarily
exposed to episodic inundation, or affected by both hazards simultaneously.

2.1. Data and Materials

This study relies exclusively on harmonized, open-access geospatial datasets and re-
producible analytical workflows. Physical and environmental inputs include offshore wave
characteristics from the Copernicus Marine Environment Monitoring Service (CMEMS),
historical shoreline change and projected coastal erosion from Joint Research Centre (JRC)
LISCOAST datasets, extreme sea-level projections for future scenarios from the JRC, coastal
land cover from the Copernicus Coastal Zones Land Cover/Land Use dataset, high-
resolution elevation data from the Copernicus DEM, and seagrass meadow distribution
from open-access national habitat inventories. Socio-economic inputs include population
data from the Global Human Settlement Layer (GHSL), land-use composition from Coper-
nicus land-cover products, and recreational use indicators derived from survey data, official
tourism statistics, and openly accessible georeferenced social-media metadata.

All external datasets used are freely accessible through European open-data infras-
tructures. Detailed dataset descriptions, links, and references are provided in the relevant
sections of Section 2 where each dataset is introduced and applied. All derived datasets
and indices produced in this study are made available through the Data Availability section
to ensure transparency, reproducibility, and reuse.

2.2. Coastal Erosion Vulnerability

To evaluate beach vulnerability along the Greek coastline, we developed a geospatial
framework that integrates both natural and human-related factors influencing erosion
susceptibility and coastal exposure. This dual structure captures the interaction between
physical drivers of shoreline change and the socio-economic significance of the affected
areas. Integration of physical and socio-economic indicators is implemented through a
multi-criteria decision analysis, involving normalization of all variables, application of
predefined weights, and aggregation based on distance to ideal and anti-ideal solutions
(see Section 2.2.3 for details). The approach focuses on identified beach polygons and
combines environmental data, geomorphological trends, and socio-economic attributes
into a consistent, spatially explicit assessment. By analyzing both the inherent susceptibility
of beaches to physical processes and the value of assets at risk, the framework supports
targeted adaptation strategies and coastal management decisions. Polygonal representa-
tions of beaches were extracted from the Copernicus Coastal Zones Land Cover/Land Use
2018 (CLC) dataset [31] by selecting features classified as “beaches, dunes, and sand plains”
(CLC class 331), which meet the dataset’s minimum spatial thresholds (≥0.5 ha area and
≥10 m width). While the CLC minimum mapping unit limits the representation of very
small or highly fragmented beaches, the dataset provides harmonized, wall-to-wall national
coverage of beach-related landforms across Greece. The resulting ~2100 beach polygons
therefore represent consistently mapped, nationally comparable beach units suitable for
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first-order erosion vulnerability assessment; their representativeness and limitations are
evaluated in the Discussion. The use of harmonized, open-access European datasets was
central to the framework’s reproducibility and scalability. Such datasets enable spatially
consistent assessments across administrative boundaries, allowing coastal segments to be
evaluated using the same indicators, assumptions, and spatial resolution. This consistency
is particularly relevant for ICZM, which requires comparable information across regions to
support strategic planning, prioritization, and coordination among authorities operating
at different governance levels. By leveraging this shared geospatial infrastructure, the
framework supports transparent, repeatable, and cross-border comparable assessments
aligned with European ICZM policy objectives [32,33].

2.2.1. Natural Environment

The natural environment component of the CEVI focuses on the physical and ecological
factors that influence beach erodibility. This includes wave power, historical shoreline
retreat, projected erosion under climate change scenarios, and the cover of protective
submerged vegetation (e.g., Posidonia oceanica). These variables were selected because they
capture both the beach erosion forcing (e.g., wave energy) and its intrinsic resistance to
erosion (e.g., through vegetative stabilization). Together, they describe the natural dynamics
that shape coastal geomorphology. Each variable was spatially assigned to individual beach
polygons using proximity-based geospatial analysis, ensuring that every beach was linked
to relevant physical conditions. The combination of these layers forms the BEI, which
quantifies the intrinsic physical vulnerability of each beach to erosive forces.

Wave Energy

Wave energy is a primary driver of coastal erosion and an essential component
of coastal vulnerability assessments. To represent this, we derived wave power val-
ues using the Copernicus Marine Environment Monitoring Service (CMEMS) MED-
SEA_MULTIYEAR_WAV_006_012 product [34], which provides high-resolution wave
height and period data for the Mediterranean Sea. From this dataset, we extracted all
available points covering the Greek maritime area for the year 2024. Wave power in this
study is not intended to represent long-term wave climatology or to provide predictive
estimates of site-specific nearshore forcing. Instead, it is used as a relative indicator of
exposure to energetic wave conditions at national scale, enabling comparison of spatial con-
trasts in wave-driven erosive potential along the coastline. Under this screening objective,
the analysis assumes that large-scale spatial patterns in wave exposure around Greece are
broadly persistent, even though absolute wave energy varies interannually.

To characterize energetic wave conditions most relevant for coastal impacts, we ap-
plied a statistical threshold by retaining only the 90th percentile of significant wave heights
at each point. This percentile was selected to emphasize recurrent high-energy wave
conditions that exert a dominant control on beach morphodynamics, rather than average
wave climate or rare extreme events [35]. For those events, we then extracted the corre-
sponding wave periods and computed wave power (P) using the deep-water wave energy
flux formula:

P =
pg2

64π
Hm0

2Te ≈ 0.5Hm0
2Te (1)

where P the Wave energy flux (kW/m), Hm0 the Significant wave height (m), Te the Energy
period (s), p the Water density (typically 1025 kg/m3 for seawater) and g the Gravitational
acceleration (9.81 m/s2).

For each point, we calculated the mean wave power based on these high-energy
conditions across the year, resulting in a spatial distribution of extreme wave forcing
around Greece. Using geospatial analysis, we then selected the points closest to the
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coastline to represent wave conditions most likely to impact the shore. Each beach polygon
was assigned the nearest available wave power value through geospatial proximity analysis.
This nearest-point assignment does not resolve nearshore wave transformation processes
(e.g., refraction, shoaling, breaking, or shoreline orientation). Resolving these processes
consistently at national scale would require detailed bathymetry and computationally
intensive modeling; therefore, offshore wave power is used as a simplified, physically
based proxy of relative wave exposure, prioritizing spatial consistency and reproducibility
over local-scale physical realism. This variable serves as a key indicator of external erosive
forcing in the CEVI, providing a physically based measure of the intensity of wave-driven
energy that contributes to coastal dynamics.

Historical Erosion

To quantify historical erosion pressure on Greek beaches, we incorporated data from
the Global Long-Term Shoreline Evolution dataset [36] developed by the Joint Research
Centre (JRC) under the LISCOAST (Large Scale Integrated Sea-level and Coastal Assess-
ment Tool) initiative. This dataset provides a global assessment of shoreline movement
derived from satellite imagery between 1984 and 2015, estimating over 28,000 km2 of land
loss worldwide, nearly double the area gained through accretion. The dataset captures
the geomorphic footprint of both natural processes and anthropogenic pressures and is
particularly useful for assessing long-term erosion trends. We extracted values for shoreline
retreat by identifying the nearest transect point to each beach polygon along the Greek
coastline. To maintain a conservative focus on vulnerability, we only considered cases
where retreat was observed. In all other cases (stable or accreting shorelines), we assigned
a value of zero, indicating no erosion contribution to the erodibility index. This method
ensures that only areas historically affected by shoreline retreat are weighted in the physical
vulnerability assessment.

Projected Erosion

To incorporate future shoreline retreat into the erodibility index, we used data from
the JRC Global Coastal Erosion Projections. Projected shoreline retreat is derived from the
sandy-coast erosion dataset of Vousdoukas et al. [37] which represents coastal evolution as
the combined effect of sea-level-rise-driven retreat, ambient shoreline change, and short-
term storm-driven erosion. The sea-level-rise-driven component reflects the long-term
response of sandy coastlines to projected eustatic sea-level rise under different climate
scenarios. The ambient shoreline-change component is obtained by extrapolating observed
shoreline trends over the 1984–2015 period and therefore implicitly incorporates the cumu-
lative effects of geological processes, sediment supply variations, and human interventions.
Short-term storm-driven erosion accounts for episodic shoreline retreat associated with
extreme wave events. The resulting estimates reflect potential shoreline displacement
under different climate change scenarios and time horizons, expressed as signed shoreline
position change (in m), where negative values indicate erosion and positive values indicate
shoreline advance (accretion).

In our study, we selected the RCP 8.5 scenario for the year 2100, using the 95th per-
centile values to reflect high-end projected erosion. The use of RCP 8.5 and 95th percentile
projections reflects a high-end scenario choice aligned with national-scale vulnerability
screening, rather than an estimate of most-likely future shoreline change. Only negative
values (representing shoreline retreat) were considered in the analysis, while positive or
neutral values were treated as zero. These erosion values were spatially assigned to each
beach polygon based on the nearest coastal segment in the dataset. This approach pro-
vides a future-oriented indicator of erosion risk, complementing the historical shoreline
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retreat variable while focusing specifically on erosional pressure. It is important to note
that this method does not account for potential accretion or stability, and thus reflects a
unidirectional assessment of vulnerability. These shoreline-change projections have become
a reference dataset for large-scale erosion modeling and coastal-risk analysis. Their applica-
bility at national scales has been demonstrated to assess coastal adaptation and migration
dynamics with high spatial resolution [38]. Similar applications at continental and global
levels [39,40] have also demonstrated the dataset’s reliability and scalability, supporting its
use here for consistent, reproducible national-scale erosion-vulnerability assessment.

Seagrass Meadows Cover

To represent the protective role of submerged vegetation in coastal erosion processes,
we included the percent cover of seagrass meadows as one of the variables in the erodibility
index. Data were obtained from the open-access dataset “Seagrass Meadows in the Greek
Seas” [41,42]. This dataset was created using a combination of satellite imagery and
side-scan sonar, underwater video, and other field observations, and provides a detailed
spatial distribution of seagrass habitats along the Greek coastline. Posidonia oceanica is
the dominant species, occupying shallow coastal zones where it forms dense meadows
known to significantly reduce wave energy and stabilize sediments [43]. We used a 1 km
buffer to represent the nearshore zone where meadows can occur and influence sediment
dynamics; P. oceanica meadows commonly extend to ~40 m depth [44]. Given that Greek
nearshore slopes are frequently on the order of ~0.02–0.04 slope [45], a 1 km distance
corresponds approximately to ~20–40 m depth, providing a pragmatic national-scale proxy
while acknowledging that local slope variability can shift the effective depth represented by
a fixed buffer. Seagrass meadows are considered a critical natural defense against coastal
erosion, acting as biological breakwaters that dissipate wave energy, trap sediments, and
reduce longshore transport· their occurrence is associated with increased seabed stability
and reduced coastal retreat rates [46,47]. Therefore, including seagrass cover adds a key
ecological parameter to the erodibility index, acknowledging the role of natural ecosystems
in buffering human and climate-induced pressures on beaches.

2.2.2. Human Environment

To assess the socio-economic dimension of coastal vulnerability, we developed in-
dicators that reflect both population exposure and the intensity of human use in the
immediate beach hinterland. Socio-economic variables were spatially summarized at the
beach polygon scale using variable-specific buffer zones designed to represent the func-
tional backshore and adjacent areas of influence relevant to each indicator (e.g., residential
exposure, land use, and tourism activity). All variables were normalized and integrated
using an unweighted TOPSIS-based multi-criteria decision analysis framework, in which
indicators contribute equally and are aggregated through their distance to ideal and anti-
ideal solutions. The selected variables aim to capture the types of assets and activities
most likely to be affected by erosion and flooding, including land uses, residential popu-
lation, and tourism-related economic value. Each variable was spatially summarized at
the beach polygon scale, using tailored buffer zones to reflect the functional backshore
and adjacent areas of influence. This ensures that human pressures are directly linked
to the physical units of analysis. These variables jointly inform two distinct outputs: the
Human Environment component of the CEVI, and the SEII, which highlights areas of
concentrated recreational, residential, or economic value. This dual perspective enables
both risk prioritization and value-based planning, supporting more informed decisions for
sustainable coastal management.
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Land Use Vulnerability Index

To quantify the socioeconomic exposure of the beach immediate hinterland, we as-
sessed land use composition within a 100 m inland buffer extending from the landward
boundary of each beach polygon. We selected a 100 m buffer to focus specifically on the
proximal backshore zone, which contains built environment, agricultural activities, and
natural features that most directly influence or are impacted by beach erosion and coastal
flooding. The 100 m buffer is intended as a functional backshore screening unit rather than a
process-based impact zone, capturing land uses most directly adjacent to the shoreline and
thus most immediately exposed at national scale. By limiting the analysis to this narrow
strip of land immediately adjacent to the beach, we ensured the vulnerability assessment
targeted areas with high likelihood of impacts. Buffers were clipped to the landward side to
exclude open water and measured using geospatial analysis. We employed again the CLC
coastal dataset, reclassifying land cover codes into four groups: artificial/urban areas, agri-
cultural areas, natural and forested areas, and wetlands/water bodies. Within each buffer,
we calculated the total buffer area and the areas occupied by each reclassified land use
group. We then derived the normalized fractional coverage (0–1) for each class by dividing
its area by the total buffer area, ensuring fractions summed to one. Vulnerability weights
were assigned to each class based on their potential socioeconomic exposure to coastal
hazards: 1 for urban areas, reflecting maximum vulnerability due to the high concentration
of people, infrastructure, and economic assets directly at risk from coastal erosion/flooding;
0.7 for agricultural areas, representing significant economic exposure through potential
loss of crops and farmland, albeit with typically lower population density; 0.3 for natural
and forested areas, assuming limited direct socio-economic exposure but also vulnerability
due to potential loss of ecosystem services; and 0 for wetlands and water bodies, which
although do not contain human population and/or assets but they, nevertheless, provide
protection from erosion/flooding and reduce overall vulnerability. The assigned land-use
weights are expert-defined and intentionally configurable, allowing users to adapt the
index to different management priorities or policy contexts. A land use vulnerability index
was then computed for each beach polygon as the weighted sum of these normalized
fractions, providing a robust measure of socio-economic exposure directly related to the
spatial distribution of land uses in the immediate backshore.

Population Exposure Assessment

To assess population exposure as a component of coastal vulnerability, we calculated
the total residential population within a 500 m buffer surrounding each beach polygon.
The population data were obtained from the Joint Research Centre (JRC) GHSL-POP
dataset [48], which provides global gridded population estimates at 100 m resolution. We
used a 500 m inland buffer to capture proximal population exposure, consistent with its
use in large-scale coastal exposure assessments where fixed buffers facilitate reproducible,
comparative analysis across extensive coastlines [40]. We used the most recent available
five-year interval to ensure contemporary relevance. For each beach, the buffer was
generated outward from the beach polygon, and all population values falling within this
500 m zone were summarized to provide a total population count associated with that
beach. Population is a critical variable in both the Socioeconomic Importance Index and
the broader Coastal Vulnerability Index, as it directly reflects the potential human exposure
to coastal erosion/flooding. Beaches surrounded by densely populated areas are at higher
risk of having people affected during erosion or flooding events, and they also represent
greater stakes in terms of emergency response, health impacts, and economic disruption.
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Recreational Use Value

To quantify recreational beach use as a socio-economic variable, we combined pri-
mary survey data, official tourism expenditures, and crowdsourced visitation proxies, and
mapped the resulting values to individual beaches. The workflow follows two distinct
steps: (i) economic valuation and (ii) spatial allocation (mapping) [49]. Economic use
values were estimated from (i) domestic day-trip spending and travel costs reported in a
structured survey of Greek residents (n = 527; March 2023–February 2024, stratified by age
group and extrapolated to the population of each group [50]), and (ii) inbound tourism
receipts from the Bank of Greece’s sample-based border surveys [51], seasonally adjusted to
isolate May–September sun-and-beach revenues by subtracting the October–April average
of non-coastal recreation. The components were estimated independently and expressed
in the same unit (€/year), enabling additive aggregation without arbitrary cross-source
weighting. Spatial distribution was based on a visitation index constructed from Flickr
API metadata (geotagged uploads near each beach centroid, 2005–2022) [52]. Average
annual photo counts were normalized to a 0–1 scale (national sum = 1) and used to allocate
domestic, inbound, and conservation values to each beach, expressed per hectare (€/ha/yr).
Recreational beach use is included as a dedicated socio-economic layer because it captures
actual demand and concentration of benefits at specific sites. In Greece, where Sun, Sand
and Sea tourism underpins local livelihoods and coastal services [53,54], this metric links
hazard signals (erosion and flooding) to potential disruption of tourism-driven benefits
and complements exposure variables by identifying beaches where socio-economic stakes
are highest.

Wheelchair User Value

To quantify recreational beach use for wheelchair users as a socio-ecological variable,
we combined primary survey data, monetary valuation, and crowdsourced/accessibility
infrastructures proxies and mapped the resulting values to individual beaches. The work-
flow follows two distinct steps: (i) economic valuation and (ii) spatial allocation (mapping).
Direct use value was estimated from reported expenditures on overnight and day trips
collected through an online survey of wheelchair users (Mar–Jun 2024), and extrapolated
to the estimated population of Greek wheelchair users [55]. Spatial distribution followed a
hierarchical allocation based on stated visitation preferences: first distinguishing beaches
with and without accessible infrastructure, and then weighting specific feature types (e.g.,
ramps/sea-entry systems, designated parking, accessible toilets, adapted changing rooms,
shaded areas, accessible showers). Within each category, a visitation index was constructed
from Flickr API metadata (geotagged uploads, 2005–2022), and normalized annual photo
counts allocated total recreational value across beaches. Final values were expressed per
hectare (€/ha/yr). Wheelchair-user recreation is included as a separate socio-ecological
layer because accessibility depends on the availability and operability of dedicated so-
lutions, which are sensitive to geomorphology and hazard conditions (shoreline retreat,
beach narrowing, storm run-up, inundation). These benefits are not captured by general
recreation or population metrics. By incorporating both visitation (demand) and accessible
infrastructure (usability), the layer links hazard to an equity-relevant valuation and informs
the resilient siting and deployment of accessibility features.

2.2.3. Key Beach Indices

To support spatially targeted adaptation and planning decisions within the frame-
work of ICZM, three composite indices were developed, focusing specifically on beach
systems: the BEI, the SEII, and the CEVI. These indices were computed at the scale of
individual beach polygons, delineated from high-resolution Copernicus land cover data,
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and designed to capture both the physical susceptibility and the socio-economic signifi-
cance of Greece’s beaches. By operating at this scale, the framework provides a spatially
explicit understanding of vulnerability where environmental hazards and human uses
most directly interact.

The BEI characterizes the physical susceptibility of each beach to erosive processes.
It includes four indicators: offshore wave power (as a proxy for external hydrodynamic
forcing), historical shoreline retreat (capturing long-term geomorphological change), pro-
jected shoreline retreat under high-end climate scenarios (anticipating future impacts),
and Seagrass meadow cover (serving as a natural buffer). The SEII evaluates the human
and economic stakes associated with each beach. This includes land use vulnerability,
residential population, recreational beach use value, and wheelchair-user specific value.
Together, these variables describe the intensity, diversity, and distribution of human uses
that could be affected by erosion or flooding at each beach site.

The CEVI combines both the erodibility and socio-economic importance indices to
provide a balanced, site-specific measure of beach vulnerability. This integrated score
supports ICZM by highlighting priority areas for intervention, where both environmental
degradation and social disruption risks are high. By focusing the analysis at the beach
polygon level, the indices offer a fine-grained and spatially explicit tool for national and
local decision-makers tasked with managing erosion, safeguarding coastal assets, and
allocating resources efficiently.

All indices were constructed using the Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS), a multi-criteria decision-making (MCDM) method that allows
consistent comparison across multiple variables and spatial units [56]. TOPSIS was selected
because it provides a transparent, non-compensatory framework for ranking spatial units
based on their relative proximity to idealized best and worst conditions. TOPSIS does not
require pairwise comparisons or subjective preference matrices, making it well suited for
large-scale, data-driven screening applications. In this framework, each beach polygon was
treated as a decision unit characterized by a set of normalized variables representing its
physical, ecological, or socio-economic attributes. The normalization of variables ensures
comparability across different magnitudes and units, expressed as:

aij =
xij√

∑n
k=1 xij

2
(2)

where xij is the raw value for region i and variable j.
Two reference points were then established for each criterion: the positive ideal solu-

tion A+
j representing the most favorable (best) value, and the negative ideal solution A−

j
representing the least favorable (worst) value. For beneficial variables, where higher values
reduce vulnerability (e.g., seagrass meadow cover, which stabilizes sediments), these are
defined as:

A
+max{aij}
j and A−

j = min
{

aij
}

(3)

For non-beneficial variables, where higher values increase vulnerability (e.g., wave
power, historical and projected erosion), the roles are reversed.

The Euclidean distance of each beach from the positive and negative ideals was then
computed as:

d
+
√

∑m
j=1 (aij−Aj)

i and d−i =
√

∑m
j=1(aij − A−

j )
2 (4)
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The TOPSIS Closeness Coefficient (CC), which expresses the relative performance of
each beach, was then calculated as:

CCi =
d−i

d
++d−i
i

(5)

Higher CCi values indicate closer proximity to the ideal solution, representing lower
physical vulnerability or higher beneficial performance. To ensure interpretability and
consistency across indices, the erodibility coefficients were reversed, so that values closer
to 1 indicate greater vulnerability. This post-processing step allows all resulting indices to
share a common scale and meaning, facilitating comparison and integration, a sign conven-
tion applied to ensure that higher index values consistently represent higher vulnerability
across all indices. This process yielded composite scores representing the relative erodi-
bility, socio-economic significance, and overall vulnerability of each beach. Equal weights
were adopted to avoid introducing additional subjectivity in the absence of defensible
evidence for prioritizing specific drivers at national scale, and to ensure that all physical
and socio-economic dimensions contribute symmetrically to the vulnerability assessment.
The modular structure of the framework allows users to modify variable weights in future
applications to reflect local priorities, management objectives, or stakeholder preferences.

2.3. Coastal Flood Exposure Risk

As part of a comprehensive assessment of coastal vulnerability, we developed a
national-scale analysis of flood exposure focusing on low-lying coastal zones vulnerable
to future sea level rise. While beach-scale indices address erosion susceptibility and socio-
economic value, this component expands the spatial scope to identify areas at risk of marine
inundation across the entire Greek coastline. The method combines established sea level
rise projections with topography-based modeling to simulate coastal flooding in 2050 under
a high-impact climate scenario. This analysis enables the identification of priority zones
for flood resilience measures, infrastructure planning, and long-term adaptation under
ICZM strategies.

2.3.1. Coastal Flood Exposure Modeling Under Future Sea Level Rise

To assess flood exposure along the Greek coastline under future sea level rise scenarios,
we developed a high-resolution, spatially explicit inundation model grounded in digital ele-
vation data and probabilistic projections of extreme sea levels (ESLs) for 2050. This analysis
focuses on identifying low-lying coastal zones likely to be inundated under climate-driven
sea level rise, offering crucial spatial insights for coastal risk management and planning.
Many national-scale coastal flood assessments rely on simplified “bathtub” models, which
delineate inundation solely based on areas below a given water level threshold, without
accounting for topographic connectivity [57]. While computationally simple and widely
used in large-scale assessments, static ‘bathtub’ models tend to overestimate flood extents,
particularly in low-lying and flat terrain where water flow processes are not properly
represented [58]. To reduce such biases, we employed an enhanced bathtub approach that
incorporates terrain connectivity, providing more realistic estimates of inundation while
maintaining scalability for national-level analysis [59].

The foundation of this geospatial model was a high-resolution elevation point cloud
(~4 million points) derived from the Copernicus DEM GLO-30, a harmonized 30 m reso-
lution digital elevation model covering Europe [60]. To restrict the analysis to areas with
plausible exposure to marine flooding, the DEM was first masked to a 1000 m inland
buffer from the coastline, which was extracted from the CLC Coastal Zones 2018 layer.
The resulting clipped raster was then converted into a structured point cloud, with each
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point carrying geographic coordinates and surface elevation. We overlaid this elevation
dataset with projected 2050 Extreme Sea Level (ESL) values, incorporating tidal dynamics,
storm surge, and mean sea level rise under the high-end RCP 8.5 scenario, sourced from the
JRC of the European Commission [61]. The analysis began by flagging all elevation points
with values below their corresponding ESL projections, representing potential flood-prone
locations. We selected the high-end RCP 8.5 scenario for 2050 to adopt a precautionary,
stress-testing perspective suitable for coastal risk assessment. Although recent IPCC AR6
assessments indicate that high-emission pathways are now considered low likelihood
under current policy trends [62], they remain relevant for evaluating the worst potential im-
pacts and related adaptation planning. Moreover, mid-century sea-level projections show
limited divergence between high-end and intermediate scenarios, with RCP 8.5 closely
tracking pathways such as SSP2-4.5 through 2050 [63–65], making it an appropriate choice
for near-term exposure modeling. At present, SSP-based extreme sea level projections are
not yet available in the operational datasets used in this study (e.g., JRC coastal impact
projections), necessitating the use of RCP scenarios for consistency with available inputs.

Flooding was initiated only from shoreline-adjacent entry points, identified as the
points closest to the coastline extracted from the CLC Coastal Zones 2018 dataset. From
each entry point, a 40 m neighborhood search was performed to identify adjacent points
that were both lower in elevation and below the ESL threshold. If these conditions were met,
the point was marked as flooded, and the search continued iteratively outward, allowing
flood spread only along hydrologically connected pathways. This approach prevents
the overestimation typical of planar models by excluding isolated inland depressions
that lack hydraulic connectivity to the coast. The result is a more physically plausible
spatial footprint of marine inundation under future conditions. The final product, a
spatially explicit georeferenced point dataset, identifies areas along the Greek coastline
projected to be inundated under 2050 sea level rise scenarios. The 40 m neighborhood
distance was selected to ensure connectivity between adjacent DEM cells given the 30 m
resolution of the Copernicus GLO-30 DEM, while the 1000 m inland mask was applied as a
pragmatic national-scale constraint to capture coastal flood-prone zones while maintaining
computational efficiency; neither parameter is intended as a calibrated physical flood limit.

2.3.2. Index Construction and Urban Risk Prioritization

To translate the point-based flood projections into actionable spatial metrics, we devel-
oped two complementary indices that capture total flood exposure and urban-specific flood
risk across the Greek coastline. These indices enable prioritization of adaptation and plan-
ning efforts within the framework of ICZM, by highlighting areas where marine inundation
intersects with population centers and critical infrastructure. First, the national coastline
was segmented into uniform 5 km linear units. Using the shoreline geometry extracted from
the CLC Coastal Zones 2018, each 5 km segment was paired with a corresponding inland
polygon extending 500 m landward from the coastline, producing a series of standardized
5000 m × 500 m rectangular analysis units. These polygons represent the immediate coastal
fringe most vulnerable to marine inundation and socio-economic disruption. For each
segment, we calculated the TFEI by spatially joining the projected flood points (derived
from the geospatial propagation model described in Section 2.2.1) with the inland polygons.
The number of flooded points falling within each segment’s inland polygon was divided by
the total number of elevation points in that polygon, producing a percentage of land area
projected to be inundated under 2050 sea-level-rise conditions. This metric reflects general
flood exposure across the entire coastal interface, accounting for variations in topography,
coastal morphology, and ESL projections.
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To complement this assessment, we developed an Urban Flood Risk Index that focuses
on the exposure of built environment. The UFRI was calculated by identifying the flooded
points that fell within urban land-use areas from the CLC Coastal Zones 2018 dataset. These
urban areas were spatially intersected with the 5 km coastal segments, and the number of
flooded points within these urban polygons was used to estimate the flooded urban area.
This was then divided by the total area of each 5 km coastal segment to produce a consistent
percentage of total land area affected by urban flooding. This metric serves as a proxy
for socio-economic and infrastructural vulnerability, highlighting segments where flood
impacts intersect directly with human settlements and assets. Together, these two indices
offer complementary perspectives: the Total Flood Exposure Index captures geophysical
vulnerability across the entire coastal zone, while the Urban Flood Risk Index emphasizes
the exposure of critical built assets. Both were normalized on a 0–1 scale and can be used
independently or combined for multi-criteria prioritization in national coastal resilience
planning.

3. Results
3.1. Natural and Human Environment: Spatial Distribution

Wave energy (Figure 2a) displays pronounced regional variability across the Greek
coastline, reflecting the combined influence of coastal geomorphology, wind regimes, and
wave fetch. The highest values (22–37 kW m−1) occur predominantly along the northern,
northwestern, and western Crete, where long open-water fetches toward the Aegean and
Mediterranean basins produce consistently energetic waves. Elevated wave energy also
characterizes several parts of the central and southern Aegean, especially around the
central and southeastern Aegean islands (Cyclades, Skyros, Southern Rhodes), as well as
the northern Aegean. Seagrass cover (Figure 2b) exhibits a mixed, but spatially coherent
distribution across Greece, with high-density areas occurring in both mainland and island
regions. The largest and most continuous patches are found along the Chalkidiki peninsulas
and the northeastern coastline, as well as the northeastern Aegean islands (Limnos and
Lesvos). Substantial cover is also present along southern and eastern Attica, forming one of
the most prominent mainland seagrass zones. Additional areas of high cover are observed
along sections of the western Greek coastline. Historical shoreline retreat (Figure 2c)
shows several well-defined high-erosion sectors across Greece. The highest values are
concentrated in Crete, especially along its northern coastline, where retreat is widespread
and persistent. Consistently elevated values also appear at the Chalkidiki peninsula and
the northeastern Aegean coast. Additional high-retreat segments appear along the coast
of the western Peloponnese and northwestern mainland Greece, probably reflecting the
Ionian coast open setting. Localized hotspots are also visible on several Aegean islands. By
comparison, sheltered bays and much of the coast of the central Greece show no or limited
historical retreat. Projected shoreline retreat (Figure 2d) under the high-end scenario shows
a spatial pattern that reinforces and expands several of the historical erosion hotspots.
Crete again displays some of the highest projected coastal retreat values, particularly
along its northern and northeastern coasts. Elevated projections are also evident across
the Chalkidiki peninsulas and the Thrace–northern Aegean sector. Distinct high-retreat
signals appear on Limnos and parts of Lesvos. Additional high values are present along the
western Peloponnese [14]. Overall, the projected erosion map indicates that many of the
regions historically affected by retreat are expected to experience continued or intensified
shoreline displacement through the end of the century.
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Figure 2. Spatial distribution of natural characteristics spatial distribution. (a) Wave energy attributed
for each beach in kW/m. (b) Seagrass meadows cover (%) in 1 km radius from each beach. (c) His-
torical erosion in meters for the period 1984–2015. (d) Projected erosion in meters for the year 2100
under the RCP8.5 climate scenario.

The land-use vulnerability (Figure 3a) also indicates hotspots along the Greek coastline.
The highest values (0.73–1) are found across the Chalkidiki peninsulas, where there is dense
tourism development along the coast, and Attica that hosts the country’s largest continuous
coastal urban footprint. Additional high-vulnerability stretches appear along the northern
Peloponnese, parts of northern Crete, and across several island regions including the Cy-
clades, southeastern Aegean and Ionian islands. These patterns reflect areas where intensive
built-up uses, tourism infrastructure and limited coastal space combine to elevate exposure
and susceptibility to erosion. The spatial distribution of coastal (hinterland) population
(Figure 3b) shows a set of clearly defined demographic hotspots. The highest populations
cluster around major urban and tourism areas, most prominently across the Attica coastline,
the Chalkidiki peninsulas, and large parts of northern Crete. Additional high-population
stretches occur along the Ionian and southeastern Aegean islands and parts of the western
Peloponnese. Much of the remaining Greek coastline, including the western mainland
and many Aegean islands, is characterized by low to very low populations, reflecting
more dispersed settlement structures. Beach recreational use value is highly uneven across
Greece, with a small number of internationally renowned destinations concentrating the
highest economic activity. The top-value beaches (10–220 million € yr−1) are overwhelm-
ingly located in the Cyclades, specifically Mykonos and Santorini, which host the highest
individual values in the entire dataset, reaching the upper limit of the mapped range
(≈200 million € yr−1) (Figure 3c). Comparable high-end values also occur along northern
Crete, as well as along the northern coast of Rhodes. Outside these flagship tourism zones,
several Ionian island beaches exhibit distinctly elevated values, where concentrated resort
development and high seasonal visitation drive substantial demand. Additional high-value
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clusters appear central Aegean islands (e.g., Skiathos), and along selected stretches of the
Peloponnese, all corresponding to well-developed, high-traffic 3S touristic destinations. In
contrast, the majority of mainland and less-developed island coastlines display much lower
annual recreational use values, highlighting the strong geographic concentration of Greece’s
high-value coastal tourism. It is also important to note that beach accessibility is spatially
patchy (Figure 3d), and this inequality is reflected in the economic patterns of beach use.
Previous research [55] has shown that accessibility provision not only supports equitable
coastal use but also strengthens the economic performance of accessible beaches through
increased demand and repeat visitation. Wheelchair-user recreational value follows an
even more concentrated pattern, with the highest values (1–18 million € yr−1) limited to
a small number of major tourism and accessibility hubs. The Cyclades remain dominant,
with additional notable values along parts of Attica and northern Crete, where both user
demand and accessible infrastructure are relatively well developed. The northern coastline
of Rhodes forms another smaller hotspot. Most other regions register low to very low
values, reflecting the limited and uneven distribution of accessible beach facilities nation-
wide. Overall, the spatial patterns of natural and socio-economic drivers directly inform
the composite indices rather than being interpreted in isolation. High BEI values emerge
where energetic wave climates and persistent historical and projected shoreline retreat
coincide, unless locally moderated by extensive seagrass cover. SEII hotspots reflect the
spatial concentration of land-use intensity, coastal population, tourism-driven recreational
value, and accessibility-related benefits. Consequently, the CEVI captures the co-occurrence
of physical susceptibility and socio-economic concentration, translating spatial variability
into analytically interpretable vulnerability patterns relevant for ICZM prioritization.

 

Figure 3. Spatial distribution of socio-economic characteristics: (a) Land uses Vulnerability Index
spatial distribution; (b) Coastal hinterland population count within 500 m radius from each beach;
(c) Beach recreational total use value (€/year/beach), and (d) Beach recreational use value for
wheelchair users (€/year/beach).
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3.2. Coastal Vulnerability: Spatial Distribution

The BEI (Figure 4a) shows a clear concentration of high erodibility values along
specific coastal sectors. The highest BEI scores (0.65–1) are overwhelmingly located along
northern and southern Crete, forming the most extensive continuous high-risk zone in
the country. This pattern aligns with numerous assessments that identify Crete, as one
of Greece’s most erosion-prone regions due to rapid shoreline retreat, sediment deficits,
and intense hydrodynamic forcing [66,67]. A second major hotspot is located around Evia
island, where multiple beach segments fall consistently within the highest erodibility class.
Chalkidiki exhibits consistently elevated erodibility, with multiple beach segments falling
within the 0.51–0.65 range, though not reaching the extreme values observed in Crete.
Additional high-risk pockets appear across the Cyclades, the northern and southeastern
Aegean islands and the western Peloponnese.

 

Figure 4. (a) Spatial distribution of the Beach Erodibility Index (BEI) and (b) the Socio-Economic
Importance Index (SEII) along the Greek coastline. Higher BEI values highlight coastlines character-
ized by increased geomorphic susceptibility to erosion, while higher SEII values indicate areas with
elevated human, economic, and recreational significance.

The spatial distribution of the (SEII) (Figure 4b) highlights several well-defined coastal
clusters where socio-economic activity are markedly higher. The highest SEII values
(0.72–1) occur along northern, western, and southern Crete, forming the most extensive
socio-economic hotspot in the country, consistent with the island’s concentration of high-
value tourism beaches, large visitor flows, and dense coastal settlements. Comparable
high-importance zones are also evident along the Rhodes, Mykonos and Santorini coasts,
where intense tourism-driven activity elevates recreational value and coastal population
metrics. Additional high-SEII segments appear in Attica, reflecting the combination of
large resident populations, and the intensive beach and land-use. Other smaller but distinct
high-value clusters are visible in the Cyclades, the central and southeastern Aegean and
the Ionian islands. Moderate-to-high SEII values are also present along the northern
Aegean coastline.

The Coastal Erosion Vulnerability Index (Figure 5) exhibits a clear concentration of
high-vulnerability segments across several well-known erosion-prone coastal areas. The
most extensive cluster of very high CEVI values (0.65–1) of all beaches in Greece occurs
along northern, northwestern, and southern Crete, forming the single largest continuous
zone of elevated erosion in the country. High CEVI values also appear systematically across
the Cyclades islands, where exposed island coasts face a combination of energetic wave
climate and limited accommodation space [67]. Additional high-vulnerability stretches are
visible in Chalkidiki, particularly along the open sea coasts, reflecting both erosive forcing
and intense shoreline use. Distinct hotspots are also present in the Ionian and southern
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Aegean islands, where exposure to energetic wave conditions combines with significant
coastal development pressure. Smaller high-vulnerability pockets are identifiable at the
coasts of the other Greek islands. Elevated CEVI values are widespread along the Greek
coastline, with over 40% of beaches scoring above 0.5, reflecting broadly heightened erosion-
related vulnerability. Within this general pattern, a much smaller set of beaches stands
out as persistent, high-intensity hotspots where geomorphic susceptibility and human
pressures converge. Close to 5% of beaches exceed a CEVI value of 0.7, forming the most
critical zones of erosion vulnerability in the country. Crete, the Cyclades, Chalkidiki,
the Ionian and southeastern Aegean islands repeatedly register at the upper end of the
index, indicating locations where geomorphic susceptibility and the human–environment
development reach their highest levels. These areas therefore represent zones where coastal
erosion is not only likely to be more severe but also more consequential for the coastal
natural and human environment. Overall, the CEVI spatial pattern reflects the interaction
between geomorphic susceptibility (BEI) and socio-economic importance (SEII), rather
than a simple amplification of either component alone. Beaches classified in the highest
CEVI class (0.65–1), defined using Jenks natural breaks [68], consistently correspond to
locations where strong erosive forcing coincides with high concentrations of population,
tourism activity, and coastal land use. These upper classes therefore represent statistically
distinct clusters within the national vulnerability distribution and are interpreted as relative
screening levels that identify priority hotspots for ICZM intervention at national scale,
rather than as absolute risk thresholds, supporting comparative prioritization rather than
site-specific engineering design.

 

Figure 5. Spatial distribution of Coastal Erosion Vulnerability Index (CEVI) for the Greek coastline,
classified into five vulnerability classes. Higher values indicate higher vulnerability.
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3.3. Coastal Flood Exposure Risk: Method Behavior and Spatial Distribution

Coastal flood exposure patterns derived in this study reflect the application of a
connectivity-constrained inundation approach, rather than a purely elevation-based static
bathtub model. At national scale, traditional bathtub methods tend to substantially over-
estimate inland flooding by classifying all low-lying areas as inundated, irrespective of
their hydraulic connection to the coastline. To address this limitation, the proposed ap-
proach restricts flood propagation to inland areas that are topographically and hydraulically
connected to the shoreline, yielding more spatially coherent and physically plausible inun-
dation patterns suitable for large-scale screening.

To illustrate the effect of this constraint, two representative coastal sectors are presented
in Figure 6. Although shown only for illustrative purposes, these examples are indicative
of patterns observed consistently across the study area. In both cases, the static bathtub
approach identifies extensive inland flooding (red points), whereas the connectivity-based
algorithm substantially reduces false-positive inundation by retaining only hydraulically
connected flooded locations (blue points).

 

Figure 6. Illustration of the connectivity-constrained coastal flood propagation approach under the
2050 RCP 8.5 scenario for two representative coastal sectors in Greece. Blue points indicate flooded
locations retained by the hydraulic connectivity algorithm, while red points represent low-elevation
locations classified as flooded by a static bathtub approach but excluded due to lack of hydraulic
connection to the shoreline. (a) A coastal area west of Kalamata (Southern Peloponnese), characterized
by low-lying agricultural land and discontinuous inland connectivity. (b) the coastal sector at Agios
Mamas, Chalkidiki (Northern Greece), where the bathtub approach substantially overestimates
inland inundation relative to the connectivity-constrained results. Basemap: Esri World Imagery ©
Esri, Maxar, Earthstar Geographics, and the GIS User Community.
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The spatial pattern of the TFEI (Figure 7) under the RCP 8.5 scenario for 2050 reveals
extensive low-lying coastal zones with substantial susceptibility to inundation (% of each
coastal segment projected to be flooded). Approximately half of the Greek coastline
exhibits measurable inundation under the 2050 RCP 8.5 scenario, with about 50% of coastal
segments showing at least minor flooding (>1% of their area affected). Flood exposure
becomes more pronounced in a smaller subset of locations: around 8% of the coastline
experiences inundation exceeding 10%, indicating moderate sensitivity to extreme sea levels.
A fraction of segments undergo extensive flooding, with 1.5% of the coastline projected
to have more than 50% of its area inundated, representing the most flood-susceptible
zones under this scenario. High and very high exposure levels (>50%) are concentrated in
several morphodynamically vulnerable deltas, wetlands, and embayments across Greece.
In northern Greece, extensive deltaic plains and shallow coastal wetlands exhibit some
of the largest inundation footprints, reflecting their low elevations and gentle slopes.
Similar patterns occur along parts of the eastern mainland, where semi-enclosed gulfs
and coastal plains provide limited natural buffering and allow floodwaters to propagate
inland under extreme sea-level conditions. In the northern Aegean islands, high exposure
is primarily associated with enclosed bays and inner-gulf environments, where narrow
inlets and low-relief shorelines increase susceptibility to inundation. Additional exposed
segments are observed along the central mainland, particularly in smaller coastal plains and
river-mouth environments with restricted drainage and broad intertidal areas. In western
Greece, extensive lagoon complexes and marsh-dominated coasts display consistently high
exposure values, while parts of the southern mainland show elevated susceptibility in
low-lying bay-head settings. In the Ionian Islands, exposure is concentrated in low-relief
coastal stretches with broad nearshore slopes. Overall, the TFEI distribution indicates
that flooding susceptibility is highest in deltas, lagoon systems, coastal plains, and bay-
head environments, where terrain characteristics combine with projected sea-level rise to
produce extensive inundation under RCP 8.5 conditions.

The UFRI (Figure 8) highlights a set of concentrated hotspots where substantial por-
tions of urban fabric fall within the areas projected to be inundated under the RCP 8.5
sea-level rise scenario for 2050. One of the strongest clusters of high urban flood expo-
sure appears along the Thessaloniki metropolitan coastline, including low-lying segments
near the international airport and the urban–industrial waterfront extending toward the
Axios river mouth. Additional elevated exposure zones occur in eastern Macedonia and
Thrace, particularly along major port-adjacent urban frontages where dense development
meets low-elevation coastal terrain. In Thessaly, high values are concentrated around the
coastal urban area of Volos and nearby low-lying peri-urban zones. In Central Greece,
notable hotspots appear in parts of the broader Chalkida urban area and selected adjacent
settlements with constrained elevation and limited natural buffering. In Western Greece,
extensive high-exposure areas are evident along the Patras metropolitan coastline and
surrounding urban corridors. Additional elevated exposure is observed in several medium-
sized coastal towns of the western mainland and in selected urbanized parts of the Ionian
Islands, where built-up areas are located immediately behind low-relief shorelines. In the
northern Aegean, certain port-front urban areas, including those on major islands, also
register high exposure levels due to the juxtaposition of dense coastal development and
enclosed bay morphology. Collectively, these areas represent the urban segments most
sensitive to projected coastal flooding, reflecting the intersection of low-lying development
patterns, limited geomorphological protection, and high inundation likelihood under RCP
8.5 conditions.
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Figure 7. Total Flood Exposure Index (TFEI) showing the percentage of each coastal segment projected
to be inundated under the RCP 8.5 sea-level rise scenario for 2050 across the Greek coastline.

 

Figure 8. Urban Flood Risk Index (UFRI) showing the proportion of urban land projected to be
flooded under the RCP 8.5 sea-level rise scenario for 2050.

https://doi.org/10.3390/w18020284

https://doi.org/10.3390/w18020284


Water 2026, 18, 284 22 of 31

3.4. Indexes Interplay for ICZM

The combined interpretation of erosion- and flood-related indices provides a more
nuanced and operational picture of coastal risk than either hazard considered in isolation,
which is a core requirement of Integrated Coastal Zone Management (ICZM). The CEVI
highlights beaches where chronic, long-term shoreline retreat intersects with high socio-
economic and recreational importance, identifying locations where gradual erosion can
progressively undermine coastal services, tourism revenue, and accessibility infrastructure.
In contrast, the flood exposure indices (TFEI and UFRI) capture episodic but potentially
disruptive marine inundation processes acting over broader spatial extents, particularly in
low-lying plains, deltas, lagoon systems, and urbanized coastal fronts. The partial spatial
overlap between high CEVI and high flood exposure zones indicates that erosion and
flooding are often governed by distinct geomorphological and socio-economic controls, re-
inforcing the need for differentiated management responses rather than a single aggregated
risk metric.

From an ICZM perspective, the interplay among indices enables strategic prioritiza-
tion across multiple adaptation pathways. Coastal sectors characterized by high CEVI but
low flood exposure are primarily affected by sediment deficits and wave-driven retreat,
suggesting that nature-based solutions, sediment management, and beach-scale interven-
tions may be most effective. Conversely, areas with low erosion vulnerability but high
TFEI or UFRI values are dominated by elevation-driven inundation risks, where land-use
planning, setback policies, and flood-resilient infrastructure become critical. Locations
where high CEVI coincides with high flood exposure represent compound-risk hotspots,
where both chronic and extreme hazards threaten coastal systems and human activities
simultaneously; these areas warrant integrated, cross-sectoral interventions aligned with
ICZM principles. By maintaining separate but complementary indices within a unified
geospatial framework, the approach supports transparent screening, comparison, and
decision-making across governance levels, without obscuring hazard-specific dynamics
that are essential for effective coastal adaptation planning.

4. Discussion
This study develops a reproducible, open-access geospatial framework for ICZM under

climate change, designed to support large-scale vulnerability assessment and adaptation
planning. The framework integrates harmonized European datasets, multi-criteria coastal-
erosion indicators, and an automated flood-propagation model, offering a scalable approach
that can be transferred to other coastal regions. Greece serves as the pilot application
for testing and demonstrating the methodology, revealing how the combined erosion–
flood assessment can highlight spatial patterns of physical susceptibility, socio-economic
exposure, and priority adaptation needs.

Several methodological choices reflect deliberate trade-offs required for national-scale
screening. Proximity-based assignment of offshore wave conditions and shoreline-change
values to beach polygons assumes that the nearest available observations provide a rea-
sonable proxy for local forcing. While this approach ensures spatial consistency and
computational efficiency across the entire coastline, it does not resolve fine-scale processes
such as nearshore wave transformation, local bathymetric effects, or alongshore sediment
connectivity that influence site-specific erosion dynamics. Similarly, the use of fixed buffer
distances to represent nearshore and backshore influence zones reflects a pragmatic stan-
dardization choice. In reality, the spatial extent over which a given variable (e.g., population
exposure, land use, or seagrass influence) affects beach vulnerability can differ substantially
among beaches due to variations in slope, morphology, and coastal configuration. Applying
a single buffer distance therefore cannot capture these site-specific differences; however,
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introducing variable, beach-specific buffers would require detailed local information and
assumptions that are not feasible or defensible at national scale. The adopted buffers thus
support consistent comparison and screening, while acknowledging that locally tailored
buffer extents would be necessary for detailed, site-scale applications. In addition, the
erosion component focuses on shoreline retreat by treating stable or accreting conditions as
neutral, prioritizing vulnerability screening over full representation of shoreline-change
dynamics. While these simplifications may limit local-scale precision, they ensure spatial
consistency, reproducibility, and interpretability across the entire coastline and are appropri-
ate for comparative, first-order assessment within an ICZM-oriented national framework.

The robustness of the framework is supported by the maturity and reliability of the
underlying datasets and methods. For the erosion component, all input variables, including
historical shoreline change, projected shoreline retreat, offshore wave energy, and seagrass
meadow cover, are drawn from well-established, peer-reviewed products that have under-
gone extensive use and validation in global, European, and national studies [38–40,69,70].
Their repeated application in large-scale coastal assessments provides an indirect but mean-
ingful level of confidence for their use in this study. In our results, the spatial patterns
produced by these datasets also correspond closely with well-documented erosion hotspots
in Greece, as reported in regional studies cited in Section 3. This agreement further supports
the plausibility of the derived indices without requiring additional site-specific validation
at this national-scale screening level. For the flooding component, the analytical aim is
national-level susceptibility screening rather than detailed hydrodynamic simulation. As
such, the flood exposure results are not validated against site-specific empirical inundation
observations, but are intended as first-order indicators of relative susceptibility suitable for
national-scale screening and prioritization. Under this objective, formal validation using
event-based inundation observations is not essential, particularly given the absence of
consistent, country-wide validation datasets. The propagation-based method used here
improves upon static bathtub approaches by enforcing topographic connectivity, and the
resulting inundation patterns align well with geomorphologically expected high-risk areas,
including deltas, lagoon systems, bay-head environments, and low-lying coastal urban
zones. Future work may incorporate calibrated 2D hydrodynamic models in priority areas
to support local-scale validation and more refined adaptation planning.

Across Greece, natural and socio-economic indicators reveal a strongly uneven distri-
bution of coastal pressures and values. Wave energy is highest along exposed island and
open-coast sectors, while seagrass cover and historical shoreline retreat highlight recurrent
erosion-prone regions such as Crete, Chalkidiki, and parts of the northern Aegean; these
patterns persist under projected shoreline retreat, indicating sustained geomorphological
susceptibility. Socio-economic characteristics show similar concentration, with high land-
use vulnerability, dense coastal populations, and the highest recreational beach-use values
occurring in major tourism zones, while accessibility remains spatially uneven, producing a
highly localized distribution of wheelchair-user use value. CEVI is highest where physical
susceptibility aligns with concentrated human use, particularly in Crete, the Cyclades,
Chalkidiki, and parts of the Ionian and southeastern Aegean islands. Flood exposure
represents an independent assessment based on the inundation modeling framework and
highlights extensive susceptibility in low-lying deltas, lagoon systems, bay-head environ-
ments, and major coastal urban centers, where the topographic conditions allow substantial
inland propagation of extreme sea levels. Together, they identify priority regions where
different hazards and pressures converge and where targeted, hazard-specific measures
within an integrated ICZM framework are most urgently needed.

A central component of the methodology is the use of the CLC Coastal Zones 2018
dataset of the Copernicus Land Monitoring Service, using the beach polygons delineated
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in this dataset as the spatial foundation for the erosion-vulnerability analysis. To evaluate
the representativeness of the beach layers, the polygons for the Aegean Archipelago were
compared with those mapped by Monioudi et al., 2017 [67]. The comparison indicated that
the Copernicus dataset contains approximately one-third of the beach polygons identified in
the earlier manual mapping; however, the total mapped beach area is broadly comparable.
This difference primarily reflects methodological distinctions: the automated Copernicus
delineation occasionally merges long coastal stretches into single beach polygons and
omits very small pocket beaches that fall below its minimum mapping threshold, whereas
the manual mapping applied finer segmentation into smaller, discrete units. Similar
limitations of the CLC Coastal Zones 2018 product have been previously acknowledged in
its application within the pan-European Early Warning and Coastal Monitoring System [71],
where small-scale morphological features were sometimes underrepresented. As a result,
very small pocket beaches may be underrepresented in the present analysis, which can limit
applicability at fine local scales and may lead to underestimation of vulnerability in highly
localized settings. Nonetheless, both the present comparison and previous European-
scale evaluations confirm that, despite its coarser segmentation, the Copernicus dataset
provides a highly reliable and harmonized depiction of coastal morphology, well suited for
reproducible, large-scale, and national-level vulnerability assessments.

Another practical methodological decision in the framework is the use of RCP-based
climate projections instead of SSP-based scenarios [64]. This choice reflects the current state
of available open-access European impact datasets: key inputs such as JRC Extreme Sea
Level projections and shoreline-change models are released only under the RCP framework.
Equivalent SSP-based geospatial datasets have not yet been published in operational,
harmonized form. The use of RCPs therefore ensures consistency, compatibility, and
reproducibility across the full modeling chain. While this choice reflects current data
availability rather than a conceptual preference, it does not limit the long-term applicability
of the framework. As harmonized SSP-based coastal impact datasets become available, the
methodology can be directly updated, and future extensions may incorporate site-specific
hydrodynamic validation, infrastructure-focused exposure layers, and temporally resolved
population dynamics to support more detailed local-scale applications.

This study represents the first national-scale assessment of coastal flood risk in Greece
that integrates high-resolution land data with hydrodynamic projections, offering a re-
producible framework for large-scale adaptation planning. Future research could build
upon these findings, by considering also the evolving regulation [72] and incorporating
spatially explicit information on critical infrastructure, as prescribed in the EU Directive
2022/2557 [73] on the resilience of critical entities, to better align coastal-risk assessments
with civil protection and resilience planning. Further refinement is also needed to as-
sess exposure across protected natural areas (e.g., Natura 2000 sites) and zones of high
population density, particularly in regions experiencing pronounced seasonal population
increases during the summer months. Integrating these dimensions would enhance the
framework’s capacity to guide targeted, cross-sectoral adaptation actions that address both
environmental and socio-economic vulnerabilities along the coast.

Despite the implicit inclusion of geological and anthropogenic influences in the ambi-
ent shoreline-change component, the framework does not independently resolve spatially
variable vertical land motions which can have a major role when estimating future relative
sea-level rise along the coast [74,75]. While recent datasets such as the Copernicus European
Ground Motion Service (EGMS) provide high-resolution time series of land subsidence
and uplift across Europe [76], their integration was beyond the scope of this screening-level
assessment. The adopted approach prioritizes methodological consistency and parsimony,
while acknowledging that future developments could couple erosion projections with
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explicit vertical land-motion data to refine relative sea-level rise estimates and improve
site-specific coastal vulnerability assessments.

In the present study, coastal flooding and erosion projections are based on global
probabilistic modeling frameworks [61] where projection of SLR in the Mediterranean
Sea are driven by the Atlantic forcing on Gibraltar derived from downscaled global out-
puts. Mediterranean Sea is a marginal basin whose complex, basin scale atmospheric
and oceanographic processes have been noted to not be fully resolved by Global Climate
Model projections [77]. Therefore, while the applied erosion and ESL projections provide
internally consistent and widely validated datasets suitable for first-order, national-scale
assessments the adoption of Mediterranean-focused sea-level rise and extreme sea-level
datasets [78] is strongly encouraged in future applications of the proposed framework, as
they would allow a more accurate representation of regional oceanographic processes and
further improve coastal vulnerability assessments at sub-national and local scales.

5. Conclusions
Overall, the work presents a transferable, climate-ready geospatial framework that

operationalizes ICZM principles using fully open-access datasets. By combining scalable
erosion and flood assessment methods within a unified structure, the framework provides
a first-order, screening-level tool for identifying priority areas, guiding resource allocation,
and supporting long-term adaptation pathways under accelerating coastal change.

The results from the Greek pilot illustrate the framework’s ability to identify recur-
rent high-vulnerability beach clusters where geomorphological constraints and intense
human use intersect with climate-driven hazards. By integrating biophysical attributes (e.g.,
shoreline change, wave energy, seagrass presence) with socio-economic and accessibility
parameters, the framework expands beyond traditional CVI-type approaches and reflects
the multifunctional nature of beaches as socio-ecological systems. This supports ICZM
principles by encouraging the joint consideration of environmental processes and human
use, while remaining index-based and semi-quantitative in nature. For coastal flooding, the
propagation-based inundation approach provides a more spatially constrained representa-
tion of exposure by accounting for topographic connectivity, reducing the overestimation
typical of static planar “bathtub” models [56]. The resulting patterns are consistent with
geomorphologically susceptible settings such as deltaic plains, lagoon systems, enclosed
embayments, and low-lying urban coastal zones. These results support spatially explicit
identification and comparison of flood-exposed coastal zones at national scale, providing a
robust basis for prioritization and strategic adaptation planning, while recognizing that
site-specific forecasting would require locally calibrated hydrodynamic models.

While the framework is fully operational for national-scale screening using currently
available datasets, its scalability and transferability are contingent on the availability of
comparable, harmonized geospatial inputs. Extension to finer-scale applications or process-
resolving assessments will require additional developments, including SSP-based extreme
sea-level projections, integration of critical infrastructure and ecosystem datasets, and
local-scale hydrodynamic validation in priority areas. These developments are necessary
to expand the scope and resolution of the framework, while preserving its current func-
tion as a robust, reproducible tool for strategic coastal risk screening and ICZM-oriented
planning under ongoing climate change. The proposed framework is not intended to
replace local knowledge, post-disaster decision-making, or the economic and political
considerations that shape coastal management in practice. Instead, it is designed as a
pre-disaster, national-scale screening tool to support planners and technical authorities in
identifying and comparing areas where erosion and flooding pressures are likely to be most
pronounced. By relying on harmonized, open-access datasets and transparent geospatial
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workflows, the framework is readily applicable across large and heterogeneous coastlines
and supports strategic prioritization and anticipatory planning, while complementing,
rather than replacing, local-scale assessments and decision processes.
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