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Abstract

The Mediterranean coast is known for its great tourist attractions, concentration of popula-
tion, and economic activities. Specifically, in the autonomous regions like Catalonia and
Valencia, more than half of the population lives in coastal counties, and the population
during the summer months increases due to the influx of tourists. Furthermore, in this
stretch of coast, there are some areas of natural interest such as the Delta del Ebro or the Al-
bufera, which are two of the most important wetland areas in the Mediterranean. However,
according to studies by Day Today, the retreat of the coastline has increased in recent years,
and this influences management of coastal territory both directly and indirectly, mostly
harming all sectors with low levels, creating spaces with significant problems. It is for
this reason that reporting on climate change and the impact on the coasts is assuming an
important role in society, because they are essential tools for planning and management
costs. In this thesis, the ground that would be affected by a +1 m, +2 m, and +3 m increase
in average sea level, as simulated by the existing flood simulator, has been quantified. And
a methodology has been developed for determining the vulnerability of the land based on
flooding provided by terrain elevations, and each area studied was evaluated with different
degrees of vulnerability: very high, high, moderate, or low. Finally, a first estimate has been
made of economic loss that could involve a meter rise in the average sea level for Catalan
beaches, and major damage to natural parks, urban areas, and major infrastructure has
been identified. This study shows that there are nine areas with high vulnerability due to
the low heights of their territory, and the majority of the flooded land is concentrated in the
Ebro Delta and the Albufera, which jointly dominate the totals across scenarios.

Keywords: climate change; sea level rise; permanent flooding; flooded land area; geomor-
phology coastal flooding index

1. Introduction

Coastal zones are among the most densely populated and economically vital regions
globally, yet they remain acutely vulnerable to the impacts of climate change, particularly
sea-level rise (SLR) (e.g., [1,2]). The Spanish Mediterranean coast, especially Catalonia
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and the Valencian Community, exemplifies this vulnerability. These regions combine
high demographic pressure, intensive tourism, critical infrastructure, and environmentally
sensitive systems, such as the Ebro Delta and the Albufera Natural Park, often situated at
or near current sea level and exposed to wave overtopping [3-5].

The Intergovernmental Panel on Climate Change (IPCC) projects that global mean
sea levels may rise by 0.26-0.82 m by 2081-2100 relative to 19862005 under different
Representative Concentration Pathways (RCP) scenarios [6]. These projections refer to
global mean sea-level changes and should not be interpreted as local forecasts for this study.
Local relative sea-level rise (RSLR) depends on regional ocean dynamics and vertical land
motion; where site-specific planning requires it, observational datasets (e.g., tide gauges,
satellite altimetry, and geodetic estimates of vertical land motion) can be incorporated
in follow-on, locally tailored assessments to refine exposure estimates. However, when
compounded by regional factors, such as wave climate, storm surges, and wave-induced set-
up, SLR in low-lying coastal lacustrine areas or deltaic systems may exceed these bounds.

The Mediterranean is recognized as a coastal hotspot due to its semi-enclosed geometry,
limited tidal range, and accelerated relative SLR, which may exceed global averages by
~25% [7]. In response, [8] proposed coastal adaptation pathways tailored to Mediterranean
conditions, combining engineering and nature-based solutions to prevent irreversible
tipping points.

Low-lying coastal areas, especially deltaic systems, are disproportionately threatened
by SLR not only due to their elevation but also because of ongoing land subsidence. This
subsidence, driven by both natural processes (e.g., sediment compaction, tectonics) and
anthropogenic activities (e.g., groundwater extraction, infrastructure loading), can amplify
relative SLR by up to two orders of magnitude compared to global averages [9]. As a result,
deltas such as the Ebro are experiencing effective SLR rates far exceeding eustatic trends,
increasing their exposure to permanent inundation, aquifer salinization, and infrastructure
degradation [10]. Moreover, comparative analyses of global deltas show that vulnerability,
measured in terms of flooded land area and population at risk, is strongly correlated with
subsidence, storm surge height, and delta area, rather than with SLR alone [11].

Recent research by [12] further emphasizes the growing risk of permanent inundation
in Mediterranean urban coastal zones. Their study introduces a high-resolution operational
hydrodynamic forecasting system for beaches in Barcelona, demonstrating that the com-
bined effects of storm events and rising mean sea levels can lead to severe impacts, even
during short-duration episodes, highlighting the importance of predictive tools and fre-
quent updates to topobathymetric data to maintain flood forecasting accuracy [13]. These
findings reinforce the notion that SLR not only increases the frequency of extreme events
but also contributes to a growing risk of chronic and irreversible coastal flooding.

Studies on the Valencian coast have shown that urbanized beach segments lack-
ing dunes or natural barriers display significantly higher vulnerability, especially when
assessed using integrated Coastal Vulnerability Indices (CVIs) that account for geomor-
phology, wave exposure, and anthropogenic pressures. Reference [1] applied a hybrid
pseudo-dynamic flood modeling approach along the Catalan coast, combining static inun-
dation with habitat conversion analysis. Their findings underscore the pivotal role of local
topography and land use in determining exposure and resilience, with natural systems
occasionally acting as effective buffers.

Despite growing media attention, spatially explicit, regionally focused analyses along
the Mediterranean coast between 1’Estartit (Girona) and Cullera (Valencia) remain scarce.
Previous work using digital elevation models (DEMs) and static bathymetric flood model-
ing under SLR scenarios (+1 m, +2 m, +3 m) has simulated potential territorial impacts, but
often lacks integrated vulnerability assessment.
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This study examines a ~480 km of Mediterranean coastline from 1'Estartit to Cullera
(Figure 1), covering both Catalonia and Valencia. The region features diverse coastal
landforms like deltas, wetlands, urbanized beaches, industrial ports, and natural parks,
and is characterized by high socio-economic intensity and ecological sensitivity, making it
a representative testbed for Mediterranean coastal vulnerability.
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Figure 1. Geographical distribution of key coastal zones analyzed in this study, from L’Estartit (1)
in the north to the Albufera Natural Park (9) in the south. Insets show satellite views of each area
with the shoreline under the sea-level-rise scenarios considered; numbers correspond to site IDs used
throughout. Insets depict static, elevation-based inundation under elevated mean sea level and do
not account for existing coastal defenses or their performance; they are intended as upper-bound
“no-defense/defense-failure” screening visuals for contingency planning and risk communication.

To address this, the study proposes a three-tiered methodology that is transparent,
replicable, and suitable for data-scarce scenarios by:

e  Quantifying coastal inundation areas under +1, +2, and +3 m SLR using static bathtub-
style flood maps derived from Google Earth’s Firetree;

e Evaluating the sensitivity of inundation estimates by testing image resolution and
pixel-alignment effects;

e Applying a geometric Geomorphological Coastal Flooding Index (GCFI) based on
normalized width, length, and flooded area indicators, developed to classify inundated
zones by shape, inland penetration, and surface impact.

This integrative approach identifies critical exposure hotspots and provides prelim-
inary estimates of economic loss, particularly through beach area contraction and its
implications for tourism revenue, and is designed for general applicability in coastal plan-
ning contexts. This approach aligns with the recent study by [14], which successfully
applied a similar protocol to Amazonian barrier beaches, using multi-indicator vulnera-
bility indices for shoreline erosion assessment. This work builds upon that paradigm by
explicitly integrating image-based uncertainty analysis and geometric vulnerability metrics,
thereby reinforcing the robustness and transparency of coastal SLR impact assessments. A
topography-only, static inundation screening approach is applied throughout this study.
Dynamic processes such as wave run-up and set-up, storm surge, tidal or compound
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events, surface roughness, and the partial performance of coastal defenses are excluded
and are discussed as limitations in Section 4. Shoreline erosion and retreat are not mod-
eled, as these require morphodynamic processes that fall outside the scope of this static,
topography-based assessment.

The remainder of the article is structured as follows. Section 2 outlines the datasets,
image-processing workflows, and analytical procedures for calculating the permanently
flooded area and the GCFI. Section 3 presents results: SLR-based inundation quantifica-
tion (Section 3.1), followed by resolution sensitivity (Section 3.2), uncertainty estimation
(Section 3.3), and the GCFI vulnerability indexing (Section 3.4). Section 3.5 offers a com-
parative review of vulnerability across sites. Finally, Sections 4 and 5 discuss findings
and conclusions.

2. Materials and Methods
2.1. Inundation Mapping and Image Acquisition

Flood simulation images were obtained from the public web-based tool flood.firetree.net,
which uses elevation data from the National Aeronautics and Space Administration’s
Shuttle Radar Topography Mission (NASA’s SRTM; Washington, D.C., USA.). This tool
allows visualization of coastal inundation resulting from SLR scenarios, in 1 m increments
from 0 to 60 m above mean sea level. For this study, images were captured for +1 m, +2 m,
and +3 m SLR scenarios, using 0 m as the baseline reference. A uniform, SRTM-derived
1 m SLR source was selected to ensure domain-wide consistency and replicability with
publicly available inputs across all sites. Incorporating local high-resolution DTMs would
compromise comparability and require dataset harmonization, which falls outside the
scope of this screening study. The +1 m level is a widely used benchmark for first-order
screening in the Mediterranean and can be interpreted as a relative SLR envelope that
may combine a gradual rise with local subsidence and/or episodic extremes. The +2 m
and +3 m levels are included as stress-test scenarios to explore non-linear sensitivities and
bracket uncertainty beyond end-of-century projections. Although the same workflow can
be applied to alternative increments or locally projected RSLR values, the standardized
1 m steps ensure internal consistency and reproducibility across sites. As the inputs are
static, elevation-based inundation visualizations, the resulting footprints represent no-
defense (or defense-failure) conditions and are used for upper-bound screening rather than
defended-state forecasting. The elevation data used in this analysis may contain vertical
inaccuracies, particularly in low-lying coastal areas with vegetation or urban development,
which can affect the precision of absolute flood extent estimates. As this is a screening-level
assessment, no ground-truth surveys or site-specific DEM adjustments were conducted;
therefore, the results should be interpreted with this limitation in mind.

Images were downloaded in bitmap (BMP) format, ensuring lossless compression, and
cropped to a standardized extent of 1349 x 566 pixels [px] across all study areas to maintain
spatial comparability. The workflow is viewer-agnostic and can be reproduced from any
equivalent SRTM-based (or local DEM-based) set of 1 m SLR inundation rasters providing
the same scenarios. Because the workflow operates in image coordinates, all metrics
are derived from consistently aligned panels using meters-per-pixel calibration rather
than absolute GIS georeferencing, which is not required for the within-site comparisons
presented here. We analyzed four scale-bar calibrations at 200 m, 500 m, 1 km, and 2 km,
converting pixels to ground distance (m/px) from the on-screen scale bar (Table 1). The
200 m scale was used only in a local sensitivity test as a high-resolution reference, whereas
the full study area was processed at 500 m and 2 km to reduce the number of required
images while preserving cross-site comparability. Table 1 lists the corresponding pixel-to-
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area factors used throughout, and the same calibration was used to generate the scale bars
displayed in all figure panels.

Table 1. Scale-bar calibration and derived ground resolution for each level. The scale-bar length in
pixels is converted to meters per pixel (m/px) and pixels per km?, used for pixel-to-area conversion
in all analyses.

Scale-Bar

Measurement Scale [cm . . Pixels
Map Map/cm Real] Scale Calibration [1 km?]
[km/px]
200 m 1.3 cm =200 cm 1:15,384.62 200 m = 49.25 px 60,639.06
500 m 1.7 cm = 500 cm 1:29,411.76 500 m = 62 px 15,376
1 km 1.7cm =1km 1:58,823.53 1 km = 62 px 3844
2 km 1.7cm =2 km 1:117,647.06 2 km = 62 px 961

2.2. Image Processing and Flooded Area Calculation

The method involves automated image differencing and thresholding to isolate newly
inundated areas at each SLR increment. The steps were as follows:

Preprocessing: Each BMP image downloaded from the simulator includes a wide map
area, often containing zones not relevant to the specific coastal site under study. To address
this, each image was cropped to extract only the area of interest. This was performed
using matrix slicing, which selects a specific portion of the image matrix based on pixel
coordinates. This step ensures that all images corresponding to a given site (0 m, +1 m,
+2 m, +3 m scenarios) have the same spatial extent and alignment, enabling accurate
pixel-by-pixel comparisons. After cropping, all images were converted to grayscale using
MATLAB R2021b’s rgb2gray function. This transformation simplifies the image to a single
intensity channel ranging from 0 (black) to 255 (white), which is sufficient to distinguish
flooded (dark blue) zones from land. The resulting grayscale image serves as the basis for
binarization and flood detection.

Binary classification: Inundated areas are represented by dark blue tones in the
original images. Grayscale pixel thresholds were empirically determined (typically <50 on
a 0-255 scale) to binarize each image into flooded (value = 1) and non-flooded (value = 0)
zones. This classification was applied to each sea level scenario (0 m, +1 m, +2 m, +3 m).

Differencing: Binary images for each scenario were subtracted pairwise to calculate
new inundation extent per meter of SLR (e.g., A = Flood,, — Floodpn,, where matrix A
highlights all pixels newly inundated at +1 m SLR). This was repeated for +2 m and +3 m
scenarios. Only positive values were retained.

Pixel counting and area conversion: For each difference matrix, the number of flooded
pixels was computed. This count was then converted to square kilometers using the
specific pixel-to-area ratio derived for each resolution (based on known scale distances).
For example, if the scale bar indicates that 62 pixels correspond to 500 m in plain view,
then one pixel spans ~8.06 m on the ground. Assuming square pixels, the area per pixel
is ~65 m?. This analysis avoids dependence on external GIS layers; coordinate shifts are
immaterial for the reported image-based flooded areas and GCFI calculations given the
standardized alignment across scenarios and resolutions.

2.3. Sensitivity Analysis and Error Estimation

A dedicated sensitivity analysis was conducted to assess the impact of image resolution
on flooded area estimates. Each zone was analyzed at three spatial scales (low, medium, and
high resolution), and the flooded area was calculated as described above. The results were
then compared across resolutions for each sea level increment, enabling: (i) Quantification
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of the variation in estimated flooded area due to image scale; (ii) Evaluation of stability and
robustness of the pixel-count method under different spatial granularities.

In addition, a tolerance-based error analysis was implemented. Given that the exact
pixel classification (flooded vs. non-flooded) may be sensitive to boundary conditions or
visual artifacts, a £5-pixel buffer was applied to the flood boundaries to evaluate the upper
and lower bounds of inundated area. This approach mimics the uncertainty introduced by
manual cropping, low-resolution raster artifacts, or ambiguous terrain elevations near 0 m.

The absolute and relative differences in flooded areas under these variations were
recorded and are presented in the Results Section, along with an estimation of uncer-
tainty per site and per inundation scenario. These perturbations are also used to derive
lower /upper class assignments for /, w, and a4, enabling the computation of [GCFI~; GCFI*]
as described in Section 2.4.

2.4. Geomorphological Coastal Flooding Index: Rationale, Development and Design

To translate geometric inundation patterns into a comparative indicator of coastal risk,
a Geomorphological GCFI was developed. This index integrates three components (i) the
relative alongshore coverage of the inundated strip (percentage of coastline affected) (/);
(ii) the relative mean inland reach (mean transect length normal to the coast, expressed as
a percentage) (w); (iii) the flooded land area by SLR (1) normalized by the corresponding
municipality area. The inundated strip is defined as the sea-connected flood polygon
adjacent to the shoreline for each SLR scenario, extracted from the cumulative flooded
mask within the analysis frame. A set of transects normal to the coast is used to estimate
the mean width and the inland reach contained within the flooded mask. Connectivity to
the open sea is enforced to avoid isolated interior depressions below sea level.
Component classes are assigned values from 1 to 4 based on fixed thresholds: for / and
w, 1 =<25%, 2 =25-49%, 3 = 50-74%, and 4 = >75%; for a, 1 = <5%, 2 = 5-10%, 3 = 10-20%,
and 4 = >20%. The GCFI (Equation (1)) is grouped into four vulnerability classes: Low
(1.0-1.5), Moderate (1.5-2.0), High (2.0-3.0), and Very High (3.0-4.0).
GeFr = LHwta (1)
3
This simplified yet quantitative index enables the integration of spatial descriptors into a
synthetic vulnerability score. The use of relative indicators ensures comparability across
regions with different absolute sizes, highlighting the influence of geometric configuration
rather than only the magnitude of flooding and facilitating spatial comparison among zones,
relying solely on planform attributes extracted from freely available elevation-based flood
visualizations and highlighting those requiring urgent attention of mitigation planning.
This GCFI approach aligns with existing vulnerability frameworks that use geometric
or spatial descriptors to assess coastal exposure (e.g., [15,16]). Unlike multi-parameter
indices that integrate geomorphological, hydrodynamic, and socioeconomic variables,
this formulation focuses exclusively on the physical shape and size of the floodplain,
offering a simple yet informative indicator that can be consistently applied across diverse
coastal settings. The GCFI is designed for screening with public, image-based inputs,
emphasizing the geometry of permanent inundation (alongshore coverage and inland
penetration) together with a normalized area term. The workflow relies on static, elevation-
based “bathtub” surfaces as inputs; its contribution lies in distilling these surfaces into
geometric descriptors, enforcing sea connectivity, and reporting component- and index-
level bounds [GCFI~ ,GCFI*] derived from resolution/tolerance tests. In contrast to multi-
parameter coastal vulnerability indices that integrate dynamic forcings, morphodynamics,
and sometimes socioeconomic layers, this formulation provides a replicable, data-light
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baseline that can be applied consistently across sites and, where data permit, complemented
or benchmarked against more data-intensive approaches.

2.5. Uncertainty Quantification

Given that /, w, and a are ordinal classes derived from continuous spatial measure-
ments, bounds for the GCFI are reported by propagating image-based uncertainty. Flood
footprints are first perturbed using a £5-pixel boundary tolerance to simulate edge and
classification ambiguity, and the underlying continuous quantities informing [, w, and a are
recomputed accordingly. Resolution sensitivity is then addressed through the multi-scale
analysis described in Section 2.3. Each perturbation yields lower- and upper-class assign-
ments (I7, w—,a") and (I*, w*, a*), from which the index bounds are calculated as shown
in Equation (2):

GCFI~ = M; GCFIT = M

3 3 ()

The interval [GCFI~, GCFI*] is reported, along with an indication of whether the resulting
vulnerability class changes, thereby making class stability explicit.

In this context, the study introduces a novel, pixel-based framework for static flood
mapping that enhances traditional “bathtub” methodologies by integrating resolution
sensitivity and a GCFI alongside the conventional CVI by combining static flood map-
ping, uncertainty analysis, and geometric vulnerability indicators into a single, replicable
workflow. Unlike standard geographic information systems models, which often depend
heavily on detailed DEMs and dynamic modeling tools, our approach leverages publicly
available satellite imagery and simple pixel-subtraction routines to deliver high-resolution
inundation analysis with minimal computational demand, operable on a standard personal
computer. While improved “bathtub” methods require complex data and heavy processing,
our pipeline maintains simplicity and scalability, offering a robust first-order exposure
assessment even in data- and resource-scarce regions. The GCFI, therefore, does not pre-
dict shoreline retreat; it summarizes the geometry of permanent inundation footprints
for screening purposes, to be complemented by morphodynamic/erosion assessments in
subsequent analyses.

2.6. Study Sites

Nine coastal sites along the Spanish Mediterranean coast were selected for analy-
sis based on their topographic vulnerability, morphological characteristics, and socio-
environmental relevance (Figure 1). The selection aimed to represent a variety of geo-
morphological settings that are particularly sensitive to SLR, including deltas (and their
adjacent areas, where the terrain is very flat and sediment supply is limited), coastal la-
goons, and low-lying urbanized zones. These latter areas make up a significant portion
of the study region, corresponding to tourist beaches or urban coastal strips with high
economic value linked to recreational use and infrastructure. The sites were also chosen
due to the availability of clear inundation imagery on the flood.firetree.net platform, as
well as their importance for coastal management and conservation planning. Together,
this set of study areas offers a representative sample of Mediterranean coastal typologies,
encompassing both natural systems and urban landscapes. This is especially relevant for
evaluating the performance of low-cost, image-based flood models and their applicability
in early-stage coastal planning under climate change scenarios. The selected sites include
(from north to south).
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L’Estartit: A coastal area known for its low cliffs, rocky coves with coarse sand, and
proximity to flatlands and restored wetlands. It forms part of a diverse natural landscape
within the Montgri, Medes Islands and Baix Ter Natural Park.

Tordera Delta (Catalonia): A small but dynamic deltaic area at the northern fringe of
the Barcelona province, featuring a narrow beach backed by low-lying agricultural and
urban land.

Llobregat Delta (Catalonia): Located immediately southwest of Barcelona, this delta
contains important infrastructure (e.g., the airport), nature reserves, and urban expansion
zones, all within a few meters of mean sea level.

South Tarragona Coast (Catalonia): Includes suburban and semi-natural areas with
varying degrees of artificial protection (seawalls, dunes), allowing assessment of contrasting
response types.

Ebro Delta (Catalonia): One of the most prominent and vulnerable deltas in the
western Mediterranean, with large expanses of land at or below current sea level. It is
subject to sediment deficit, subsidence, and high exposure to SLR-induced permanent
inundation.

Prat de Cabanes-Torreblanca (Valencia): A natural park with shallow wetlands and
marshes, acting as a buffer zone for marine ingress but extremely sensitive to even minor
sea level increases due to its flat topography.

Castellon de la Plana (Valencia): An urbanized section of the Valencian coast with
artificialized beaches, where both the built environment and infrastructure are potentially
at risk from permanent flooding.

Sagunto Coastline (Valencia): Combines residential, industrial, and natural areas; fea-
tures low topography and modified shorelines, increasing exposure to marine transgression.

Albufera de Valencia (Valencia): A coastal lagoon and wetland system of high eco-
logical value, protected under the Ramsar Convention and Natura 2000 network. It is
surrounded by rice fields and low-lying rural settlements, with very limited natural protec-
tion from the sea.

Each site was analyzed independently at three spatial resolutions, and flooded areas
were calculated for +1 m, +2 m, and +3 m SLR scenarios. The resulting vulnerability
assessments allow for inter-site comparison, sensitivity analysis, and ranking of risk levels
across this diverse coastal transect.

2.7. Data and Code Availability

All source images were obtained from flood.firetree.net, a publicly accessible tool that
does not require registration or login. The MATLAB R2021b code developed for processing
the images, extracting flooded areas, and computing the GCFI is available upon reasonable
request from the corresponding author. The analysis can be fully replicated using public
tools and the methodological framework provided in this manuscript.

3. Results

This section presents the outcomes derived from the application of the proposed
methodology for estimating coastal inundation under progressive SLR scenarios, as well as
the assessment of vulnerability levels across the selected coastal zones. The structure of
the results follows the logical sequence of the methods, aiming to facilitate interpretation
and highlight the robustness and scalability of the approach. Initially, the total flooded
areas associated with +1 m, +2 m, and +3 m SLR increments are reported and compared
across all case study sites. These estimations are then evaluated through a sensitivity
analysis focused on the influence of spatial resolution, examining how image scale affects
the calculation of inundated areas. An uncertainty analysis is also included, based on pixel
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boundary tolerance, to quantify potential variability in the results due to minor image
shifts or classification ambiguities.

Subsequent sections present the computation of the GCFI, which incorporates geo-
metric characteristics of inundation to generate a standardized risk indicator. Finally, a
comparative ranking of the sites is provided to synthesize vulnerability levels and support
further interpretation of spatial patterns and model performance.

3.1. Flooded Area Estimation Under SLR Scenarios

The main aim of this analysis is to quantify the extent of permanent coastal flooding
under the projected SLR scenarios of +1 m, +2 m, and +3 m. The total flooded areas
were extracted from the binarized difference in satellite-derived images, as described in
the methodology, and converted to surface area (km?) using calibrated image resolution
factors (as detailed in Table 1). To illustrate the methodology applied in this study, a
representative case is presented for the Ebro Delta. Figure 2 shows the sequence of flood
extent visualizations corresponding to SLR scenarios of 0 m, +1 m, +2 m, and +3 m.
(extracted from the Firetree global flood map) and converted to grayscale in order to enable
pixel-based processing. The grayscale transformation facilitates the numerical comparison
between successive inundation stages. Specifically, image subtraction operations were
performed to compute the incremental changes in flood extent between consecutive SLR
scenarios, that is: (b-a), (c-b), and (d—c), corresponding, respectively, to the increase in
inundation from 0 m to +1 m, +1 m to +2 m, and +2 m to +3 m. This process enabled a
direct estimation of the area increment and spatial configuration of newly inundated zones
for each SLR threshold.

0 5 10km 0 5 10km 0 5 10km
f— ] f— ] —

Figure 2. Sequence of flood extent images for the Ebro Delta under increasing SLR scenarios: (a) 0 m,
(b) +1 m, (c) +2 m, and (d) +3 m. The second row shows the corresponding grayscale versions used
for image analysis. The third row displays the differential inundation areas computed by subtracting
consecutive scenarios: (b-a), (c-b), and (d-c). This process enabled pixel-based quantification of
incremental flooding and supported the estimation of inundated area growth across SLR thresholds.
Each sub-panel includes a scale bar to facilitate spatial comparison across scenarios and processing
steps. Panels depict static equilibrium inundation under elevated mean sea level and do not account
for existing coastal defenses or their performance. As such, they are best interpreted as upper-bound
“no-defense/defense-failure” scenarios useful for contingency planning and risk communication.
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This approach enabled the identification of spatial patterns of flooding across the
diverse geomorphological features of each of the nine study sites. Flood extent (Table 2)
of the total area flooded for each site and scenario demonstrates a clear and consistent
increase in inundated surface as SLRs, with considerable spatial variability across the
selected coastal systems.

Table 2. Total flooded surface area (in km?) estimated for each study site under three SLR scenarios:
+1m, +2 m, and +3 m. These values were derived from pixel-based analysis of satellite-derived flood
maps and represent the cumulative inundated extent per site under each scenario.

Site SLR Flooding (km?)
+1m 12.427
L’Estartit +2m 22.786
+3m 31.805
+1m 0.396
Tordera Delta +2m 1.378
+3m 2.633
+1m 9.722
Llobregat Delta +2m 21.649
+3m 33.891
+1m 3.052
Tarragona +2m 5.349
+3m 7.874
+1m 277.167
Ebro Delta +2m 295.753
+3m 304.544
+1m 10.274
b Prat de o 2m 12.19
abanes-Torreblanca +3m 13727
+1m 21.473
Castellon de la Plana +2m 37.018
+3m 50.075
+1m 27.7
Sagunto +2m 45.576
+3m 62.136
+1m 156.805
Albufera de Valencia +2m 183.952
+3m 206.301

Among all sites, the Ebro Delta exhibits the most extensive floodplain, with
277.167 km? inundated at +1 m SLR, increasing to 295.753 km? at +2 m, and reaching
304.544 km? at +3 m. This behavior reflects the high exposure of this deltaic environment,
characterized by minimal elevation gradients, ongoing subsidence, and extensive wetland
and agricultural areas. The Albufera de Valencia ranks second in total inundated area, with
flooding expanding from 156.805 km? at +1 m to 183.952 km? at +2 m and 206.301 km? at
+3m. This sharp increase underscores the vulnerability of lagoonal systems with low-lying
margins and artificially maintained water levels. Similar progressive trends were observed
in other Spanish locations such as the Dofiana wetlands [17], the Albufera de Valencia [18]
and the Mar Menor [19].

Intermediate values are observed in the coastline of Valencia (Sagunto, Castellén de la
Plana) and urban deltaic systems in Catalonia (Llobregat Delta and L'Estartit), where flood
extent is constrained by topographic variation and anthropogenic modifications.
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These results are consistent with existing projections in the scientific literature, which
demonstrate that low-lying coastal regions, especially deltas, lagoons, and estuarine plains,
are highly susceptible to even modest increases in sea level [20,21]. Studies using DEMs
and hydrodynamic models have similarly found that +1 to +3 m SLR can cause extensive
permanent inundation in many Mediterranean and subtropical coastlines [22,23]. The pixel-
based method employed here offers a simplified but effective means of replicating such
projections using readily accessible geospatial imagery, albeit with less vertical precision.

The variation in flooded area among sites also reflects local geomorphology and
coastal slope. Regions with flatter topography (such as the Ebro Delta or the Albufera) are
more prone to extensive horizontal transgression of floodwaters, whereas steeper coastlines
display more limited inundation. This confirms prior research highlighting the influence of
topographic slope and elevation gradients on SLR-driven exposure [24,25]. These factors
must be carefully considered in coastal planning, as they modulate the spatial distribution
of risk and the potential for ecosystem or infrastructure loss.

3.2. Sensitivity to Spatial Resolution

The accuracy of flood extent estimation based on image analysis is highly sensitive
to the spatial resolution of the input data. This section examines how different map
resolutions influence flood extent estimations (m/px, as detailed in Table 1) by comparing
the resolutions used in this study: a finer resolution (500 m) and a coarser resolution (2 km).
In the local sensitivity test, an additional 200 m and 1 km scale-bar levels were used to
quantify relative error with respect to the 200 m reference (see Section 3.3). Pixel-to-area
conversion factors, derived from the values in Table 1, were applied to translate the number
of inundated pixels into flooded surface area (km?) for each SLR scenario. In this context,
the methodology enhances the interpretability of static inundation outputs by reporting
component-level bounds and GCFI ranges rather than attempting to correct the physical
limitations of bathtub inputs.

The results of the total flooded area for each scenario (+1 m, +2 m, +3 m SLR) are
summarized in Table 3. Across all cases, there is a consistent overestimation of the flooded
area when using the coarser-resolution map. For example:

e Under +1 m SLR, the flooded area was 528.72 km? using the 500 m map, compared to
562.08 km? with the 2 km map, representing a relative overestimation of 6.3%.

e  Under +2 m SLR, the respective values were 713.31 km? and 736.32 km?, corresponding
to a difference of 3.2%.

e  Under +3 m SLR, the overestimation reached 3.1%, with areas of 846.76 km? (500 m)
and 873.15 km? (2 km).

Table 3. Total results for the study area for two types of maps with a tolerance of 0 and 5 pixels. As
well as percentage of flood increase.

Level of Affected Percentage
Map Tolerance  Inundation  Pixels [px] km? Increase in
[m] Flooding [%]
1 129,61 28.721
+1m 8,129,618 528 1,947
0 +2m 9,913,835 644.760
+3m 11425777 743.092 15.251
200m +1 8,127,125 528.559
o P ' 21.948
5 +2m 9,910,852 644.566

+3m 11,422,532 742.881 15.253
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Table 3. Cont.
Level of Percentage
Map Tolerance  Inundation  Pixels [px] Aflif:lged Increase in
[m] Flooding [%]
+1m 540,157 562.078 20.990
0 +2m 653,534 680.056
+3m 749,676 780.100 14711
2 km +1 539,967 561.880
m ' ' 20.992
5 +2m 653,319 679.832
3m 749,442 779.856 14713

This outcome is consistent with prior research. Several authors have documented
that coarser-resolution DEMs tend to overestimate flood extents because they smooth
out microtopographic barriers that would otherwise confine floodwaters in finer-scale
models [26,27]. In such cases, the pixel-scale representation allows partial flooding in a
cell to be interpreted as full inundation, thus inflating the computed surface area [28].
Furthermore, studies have shown that flood extent and water depth can vary linearly with
DEM resolution, emphasizing the importance of choosing an appropriate scale [29].

The influence of resolution appears to be more significant under low SLR scenarios,
where flooding affects narrow or discontinuous coastal strips. In these cases, fine-scale
spatial detail is essential to accurately capture the extent and shape of inundated zones. As
the SLR scenario increases, the flooded areas expand, and differences between resolutions
diminish in relative terms, although they remain relevant in absolute terms.

While high-resolution data generally improve flood extent prediction accuracy, they
also impose greater computational costs and data storage requirements [30]. For large-scale
assessments, the trade-off between spatial detail and efficiency becomes critical. Coarse-
resolution datasets may be acceptable for regional risk screening but are inadequate for
site-specific vulnerability mapping or infrastructure planning, where small-scale features
significantly influence flood pathways and exposure patterns [31].

Moreover, vertical accuracy also plays a key role. Global elevation datasets such as
NASA’s SRTM, despite their relatively high horizontal resolution (~30 m), have known
vertical biases in vegetated or urban areas. These biases can lead to significant underes-
timation of the population and assets at risk, as demonstrated by [25], who found that
SRTM-based assessments omitted up to 60% of the exposed population in some U.S. states
when compared to high-accuracy Light Detection And Ranging (LiDAR) based models.

To complement the resolution analysis, a pixel tolerance evaluation was conducted by
introducing a buffer of 5 pixels to simulate spatial uncertainty had minimal impact on the
total flooded area (less than 1% deviation across all SLR levels). This result suggests that
the method used is robust to minor positional shifts and confirms that the primary source
of sensitivity in this analysis is the spatial resolution rather than the edge tolerance.

In summary, the spatial resolution of flood mapping inputs exerts a measurable and
systematic influence on inundation estimates. Coarser data tend to overestimate flooded
areas due to generalized representation of terrain and loss of microtopographic control.
These biases must be explicitly considered when applying image-based methods to coastal
vulnerability studies. For accurate and policy-relevant results, the selection of spatial scale
should match the intended use, with high-resolution inputs favored for localized impact
assessments and adaptation planning.
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3.3. Uncertainty Estimation from Image Tolerance

In addition to spatial resolution, the reliability of flooded area estimates may be
affected by image classification thresholds, pixel alignment, and edge detection variability.
To evaluate the robustness of the method, a pixel tolerance test was conducted by comparing
inundation estimates under two scenarios: a strict classification threshold (0-pixel tolerance)
and a relaxed one allowing +5-pixel margin around flood boundaries. This approach
simulates minor shifts in segmentation or classification errors that may arise from image
preprocessing or resolution-induced artifacts (see Table 4).

Table 4. Comparative results for the selected test area using different map scales, showing the affected
surface area in km? for each SLR scenario and the associated percentage error relative to the 200
m scale. Note: The 200 m level is used only in this local sensitivity analysis as the high-resolution
reference; the full study area was computed at 500 m and 2 km.

Inundation Level Percentage of Error
Scale Affected km? with Respect to

[m] 200 m Map [%]

1 1.362 -
200 m resolution 2 2.519 -
3 3.672 -
1 1.354 0.59
500 m resolution 2 2.487 1.27
3 3.624 1.31
1 1.335 1.98
1 km resolution 2 2.431 3.49
3 3.569 2.81
1 1.288 5.43
2 km resolution 2 2.373 5.80
3 3.513 4.33

The results indicate that pixel tolerance had a negligible effect on overall flooded area
estimates across all SLR scenarios. Differences between 0-pixel and 5-pixel tolerance config-
urations were below 1.2% for all cases, confirming the robustness of the method. These
findings are in agreement with prior studies that evaluated the sensitivity of raster-based
flood mapping to positional uncertainty and segmentation thresholds. For instance, [30]
showed that horizontal spatial uncertainty in coarse DEMs had a limited impact on total
inundation extent in large-scale coastal regions, although effects could be locally significant.
Similarly, [32] found that uncertainty due to vertical and horizontal positioning is often
overshadowed by other factors such as elevation error or hydrodynamic variability.

3.4. Performance Assesment of the Geomorphological Coastal Flooding Index

To synthesize the results of the flooding scenarios into a unified vulnerability metric,
the proposed GCFI is computed according to Equation (1), which relates the flooded area,
the geometrical complexity of the flood footprint, and the SLR through a normalized ratio.

This formulation is consistent with approaches that prioritize simplicity, transparency,
and replicability in spatial vulnerability assessments (e.g., [16,33]). By integrating both the
extent and configuration of the flooded surface, this index captures both the magnitude of
potential impacts and their spatial morphology, which is an important factor for risk per-
ception and for the design of adaptive management policies. All variables were normalized
to allow comparison across case studies, regardless of their absolute size. The resulting
GCFI values, computed for each SLR scenario (+1 m, +2 m, and +3 m), are summarized
comparatively in Figure 3.
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Figure 3. Geographical distribution of the GCFI along the Catalan and Valencian Mediterranean coast.
The map displays GCFI values calculated for each of the nine study sites under the considered SLR
scenarios (+1 m, +2 m, and +3 m) categorized into three vulnerability classes: Moderate, High, and
Very High. The index integrates the extent and spatial configuration of flood footprints, normalized to
enable comparison across sites of varying sizes. This visualization supports a comparative assessment
of coastal vulnerability, emphasizing both the magnitude and morphology of potential impacts and
their physical susceptibility to SLR impacts.

According to the GCFI results, the Ebro Delta consistently exhibits the highest vulner-
ability, reflecting its expansive and elongated inundation pattern under all SLR scenarios.
The Albufera de Valencia also shows very high values. The intermediate to low GCFI
corresponds to a more compact and spatially confined flood geometry, which is in line with
previous coastal sensitivity studies highlighting the role of topographic setting, floodplain
openness, and inland penetration in shaping flood exposure (e.g., [34,35]), indicating either
greater perimeter length for a given area or a more fragmented and irregular flood zone,
conditions typically associated with higher management complexity and exposure.

3.5. Comparative Ranking of Study Sites

This section presents a comparative summary of the results, focusing on both the GCFI
and the flooded area under different SLR scenarios. These indicators are compared for the
different study areas, highlighting the importance of the first meter of SLR, which in many
cases has the greatest relative impact on the coast. Next, the behavior of the GCFI and the
evolution of the flooded area are analyzed separately, emphasizing linear or non-linear
flooding patterns with SLR, and regional differences (e.g., Ebro Delta vs. other areas) are
discussed. Finally, the implications in terms of beach loss and tourism and the vulnerability
of study are addressed.

3.5.1. Link Between SLR and Flooded Area

The mapping of flood-prone areas under +1 m, +2 m, and +3 m SLR reveals site-
dependent behaviors (Figure 4). For clarity, Figure 4 is presented in two panels: (a) a full-
scale view including the Ebro Delta and the Albufera, and (b) the same data with a truncated
y-range to improve readability for the remaining sites; both panels use the same y-axis
units (km?) and no secondary y-axis is employed. Across the study domain, the increase
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in flooded area reflects the prevailing geomorphology. In several sites (e.g., L'Estartit,
Llobregat Delta), successive 1 m increments produce approximately linear responses across
the full 0 to +3 m sea level rise range, with similar added flooded areas per meter of
SLR. This pattern indicates a progressive, sustained expansion of flooded land without
an abrupt regional-scale threshold within the evaluated range. For low-lying deltas and
lagoons (e.g., the Ebro Delta), these static extents should be interpreted as upper-bound
exposure; defended-state projections would require site-specific, process-based modeling
that accounts for defense performance and dynamic forcings. In urbanized settings with
existing measures (e.g., dikes and pumping in the Llobregat Delta), defended exposure can
be lower than these envelopes; the present curves are therefore interpreted as upper-bound,
no-defense/defense-failure screening.

—— L'estartit Llobregat - - - Ebro Delta —— Castellon - - - Albufera
—— Tordera Tarragona —— Natural Park Prat de Cabanes-Torreblanca —— Sagunto
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(a) Full scale plot showing Ebro Delta and Albufera (b) Zoom in on the rest of the study sites for image improving

Figure 4. Relationship between flooded area and SLR across the nine study sites along the Catalan
and Valencian coast. Panel (a) shows the full-scale evolution of flood-prone areas, highlighting the
dominance of the Ebro Delta and the Albufera. Panel (b) presents a zoom on the remaining sites to
improve visibility of smaller-scale responses. The plot illustrates how the extent of flood-prone areas
evolves under three SLR scenarios (+1 m, +2 m, and +3 m). While some locations (e.g., L'Estartit,
Llobregat Delta) exhibit a near-linear increase in flooded areas, others (e.g., Tordera Delta, Ebro
Delta, Cabanes, Albufera) show non-linear responses, with either concave (decelerating) or convex
(accelerating) trends. These patterns reflect the influence of local geomorphological characteristics on
flood dynamics.

However, when disaggregated by region or specific units, important non-linear pat-
terns emerge (Tordera Delta, Ebro Delta, Cabanes, and Albufera). In some cases, the curve
of flooded area vs. SLR is concave (decelerated), where the first meter floods more than the
subsequent ones, until reaching a ceiling. Other curves show a slightly convex (accelerated)
shape, indicating that additional SLR will flood proportionally more territory than the first
meter. A simple hypsometric proxy corroborates these patterns: in the Ebro Delta, ~70%
of the surface lies below +1 m, consistent with concave responses dominated by the first
meter; conversely, the Tordera Delta exhibits a convex pattern (=15% at +1 m, ~52% at
+2 m, >95% at +3 m), indicating threshold-controlled inland penetration.

This result shows that many low-lying coastal areas do indeed experience most of
their increase in flooded areas with the first meter of SLR. This is the case for extensive
deltas and marshes: for example, in the Ebro Delta, approximately 70% of its surface area
is below +1 m above current sea level [36], which means that a SLR of one meter would
put up to ~70% of the delta under water (assuming no protective measures are in place).
This is reflected in Figure 4, where the quantification for the Ebro shows that the first meter
of elevation causes the flooding of most of the deltaic surface, while the subsequent SLR
floods additional smaller areas. In other words, the flooded area vs. SLR curve for the
Ebro Delta is concave, saturating quickly. Much of the territory is already affected at +1 m,
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and from ~+2 m onwards, the delta would be almost completely flooded (>85-90% of
its area). This result is consistent with previous assessments that characterize the Ebro
Delta as an environment that is extremely vulnerable to small changes in sea level due to
its topography. Reference [36] estimated that in a scenario of +88 cm by 2100 (AR4 high
scenario), up to 61% of the delta could be affected. In fact, detailed calculations indicate
that ~50% of the Ebro Delta is below +0.5 m and ~70% below +1 m, which explains the
enormous sensitivity to the first meter of SLR. Figure 4 clearly shows this concentration
of inundation in the first decimeters/meter of elevation. Another notable case is that of
the Albufera de Valencia, which includes a shallow coastal lagoon (average depth ~+1 m)
surrounded by ~223 km? of very low-lying rice fields, separated from the open sea by a
narrow sandy dune cordon. The results show that the first meter of SLR would be the most
damaging in the Albufera basin. Thus, Figure 4 suggests a similar concave response, where
much of the permanent inundation occurs within the first meter, leaving less additional
territory to be lost with subsequent increases (which probably already involve the almost
complete flooding of the interior wetland). This highlights the vulnerability of coastal
wetlands such as La Albufera, whose current equilibrium depends on a narrow separation
from the sea, and even a small rise in sea level can upset this balance and turn large areas
of land into permanently flooded expanses.

Similarly, other coastal regions that are smaller in size but low in altitude reflect the
same phenomenon. The Cabanes area, for example, has a much smaller flood zone than
the Ebro Delta, yet the first SLR meter causes the greatest percentage impact (flooding) in
the territory. Although in absolute terms the affected area is smaller, in relative terms the
initial +1 m covers the most significant portion of vulnerable land, with subsequent more
modest increases in flooded areas with higher SLR. This behavior is consistent with the
idea that in flat areas, much of the land is just above the current sea level, so a small rise
quickly turns it into intertidal or subtidal areas [36]. On the other hand, once these large
low-lying areas are flooded, the land remaining at slightly higher elevations occupies less
surface area (often the higher “shores” or land that begins to rise), so that each additional
meter covers fewer new flooded areas.

In contrast, there are areas where the relationship is not concave but convex, indicating
the presence of some topographical or structural threshold that limits the impact of the first
meter but gives way to higher rises. The Tordera Delta is a case in point: there, the first
meter is not as damaging as the next two. This suggests that at +1 m, many parts of that
area are not yet significantly flooded, but once a certain critical level (between 1 and +2 m)
is exceeded, water penetrates inland, flooding large areas at once. In cases like this, with
+1 m only ~15% of the area is flooded, but with +2 m this increases to ~52% and with +3 m
to over 95% (convex response pattern). This stepped behavior would indicate that current
natural or artificial defenses may be effective against modest increases in mean sea level
but would not prevent severe flooding in higher elevation scenarios. This flooding pattern
is indicative of coastal areas that initially resist, but eventually the water overcomes them
when the level rises high enough.

Finally, the case studies with more linear behavior (Delta del Llobregat, Tarragona,
Castell6én, and Sagunto) correspond to areas where the topography has a fairly uniform
slope inland, so that each increase in level covers a similar strip of land. In these cases,
there is neither a disproportionate effect of the first meter nor a marked threshold thereafter;
simply an approximately constant increase in the flooded area for each meter of SLR is
observed. This pattern is common on slightly higher coasts or coastal plains of limited
width, where the distribution of heights is approximately homogeneous. For example,
an open beach with a low backwash and a constant slope could experience a loss of
beach/land area that is almost proportional to the rise in sea level (which, in the absence
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of abrupt barriers inland, show very linear relationships between SLR and flooded area
in other sections). This means that for these areas, the impact of the second and third
meters is as significant as that of the first in terms of new flooded area, with a regular-
sustained progression.

In summary, the impact of the first meter of SLR varies by region. In relative terms,
ultra-low-lying coastal areas (deltas, coastal lagoons) suffer most of the potential flooding
already at +1 m (first “worst” or most critical meter). In contrast, in areas with dunes or
urban/protective structures, the first meter may cause relatively little additional damage
until the threshold is exceeded (first meter is “benign” compared to the following ones). On
the scale of the entire coastline studied, the behavior is more convex because the Albufera
and the Ebro Delta represent by far the largest part of the affected territory, compared to
the rest, and show this convex (slowed) behavior, so that overall, the first meter of SLR
represents a significant percentage of the total area lost. In fact, according to [37], globally,
many of the exposed coastal areas and populations are concentrated at very low elevations;
for example, in some Caribbean Island countries, more than 70% of the low-lying coastal
population lives below +1 m, which means that the first meter of SLR would put the
majority at risk. In this study, this phenomenon is manifested territorially: Figure 5 shows
the contribution of each sub-region to the total loss of territory under different scenarios,
showing that the Ebro Delta contributes the largest part of the flooded area in all scenarios
(due to its large size and low elevation), followed in importance by other areas such as the
Albufera de Valencia.

1 m SLR - Flooded Area Percentage 2 m SLR - Flooded Area Percentage 3 m SLR - Flooded Area Percentage

Remaining coast
Remaining coast
Remaining coast
Ebro Delta
Ebro Delta
Albufera de Valencia '

Albufera de Valencia
Albufera de Valencia

Ebro Delta

Figure 5. Proportional contribution of each sub-region to the total flooded area under different SLR
scenarios (+1 m, +2 m, and +3 m). The pie chart highlights the dominance of ultra-low-lying areas,
specifically the Ebro Delta and Albufera de Valencia, in overall territorial loss. These regions account
for the largest share of flooded land due to their extensive low-elevation zones, emphasizing the
critical impact of the first meter of SLR. The visualization underscores the spatial concentration of
vulnerability along the Mediterranean coast.

Across all sea-level rise scenarios (+1 m, +2 m, and +3 m), the Ebro Delta consis-
tently accounts for the largest share of flooded land, followed by the Albufera. These
ultra-low-lying systems dominate the overall territorial flood risk, with the Ebro Delta
alone representing nearly half of the total inundated area under the +1 m scenario, and
still maintaining the highest individual contribution under +3 m. This pattern underscores
the disproportionate vulnerability of wide, low-lying deltas, which are repeatedly high-
lighted in Figure 5, where the Ebro Delta emerges as the most affected region across all
evaluated scenarios.

3.5.2. GCFI Calculation

The GCFI results allow coastal sections with different degrees of vulnerability (very
low, low, moderate, high, very high) to be identified. By quantifying the total study area
(Figure 3), most of the coastline assessed is moderately to highly vulnerable. In general,
low-lying and sedimentary coastal areas (deltas, marshes, coastal lagoons) have high or
very high GCFI values. For example, the Ebro Delta stands out with a high GCFI in the
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global classification of the coast (it is one of the most vulnerable areas of the Catalan coast)
due to its flat topography and low altitude. Other flat coastal areas, such as the coastal
lagoon of the Albufera de Valencia or the Llobregat delta, also have high GCFI scores,
confirming their high physical susceptibility. This characterization using GCFI provides
a basis for understanding where the potential impact of SLR would be greatest from a
physical standpoint [38].

4. Discussion

This study presents a robust and accessible methodology for estimating flooded areas
and deriving CVIs based on publicly available satellite data and pixel-level analysis. The
findings from the selected Mediterranean study sites demonstrate both spatial variability
in flood exposure and methodological sensitivity to resolution and image tolerance. These
observations invite several interpretative considerations regarding the utility, applicability,
and limitations of the proposed approach.

One of the key insights derived from the analysis is the non-linear response of coastal
systems to SLR. In particular, the results consistently show that the first meter of SLR
produces the most substantial changes in flooded areas across all case studies, as illustrated
in Figure 4, particularly for the Ebro Delta, Albufera de Valencia, and Cabanes. This
behavior reinforces the conclusion that early adaptation efforts should prioritize thresholds
below +1 m SLR, since later increments exhibit more moderate additional impacts. These
findings are consistent with previous research emphasizing the disproportionate impact of
initial inundation in low-lying areas (e.g., [2,39,40]).

Furthermore, although the analysis was based on a static flood model, without ac-
counting for dynamic processes such as wave run-up, storm surge, or evolving coastal
defenses, the methodology yields a robust first-order approximation of potential long-term
impacts. Similar “bathtub” models have been widely used in regional-scale assessments
with limited hydrodynamic data availability [41,42], serving as practical baselines for pri-
oritizing adaptation strategies. The observed non-linear increase in inundated surface,
particularly between the +1 m and +2 m SLR scenarios, underscores the relevance of
threshold dynamics in exposure escalation and supports the necessity of location-specific
vulnerability analyses.

The sensitivity analysis demonstrates that higher-resolution imagery captures more
detailed inundation patterns, enabling improved delineation of coastal features and more
precise quantification of flooded areas. Unlike dynamic modeling approaches, which often
require high-performance computing and complex calibration, the strength of the proposed
method lies in its computational simplicity and operational efficiency. Even when applied
at higher resolutions, the methodology remains lightweight: the only added requirement
is the acquisition of a greater number of input images. The image processing, which is
based on binary comparison and pixel subtraction, can be executed on standard personal
computers using widely accessible tools such as MATLAB R2021. As such, the proposed
method offers an effective balance between accuracy and practicality, making it suitable for
both large-scale assessments and applications in resource-limited contexts.

Although the pixel tolerance parameter had a minor effect on the outcomes, the testing
performed confirms the robustness of the classification logic. This suggests that image
resolution, rather than classification noise, remains the main contributor to uncertainty.
Still, pixel tolerance assessments are a useful complementary procedure in confirming
internal consistency and should be considered in analogous studies employing raster-
based flood classification techniques. In terms of index robustness, the £5-pixel tolerance
produced a negligible effect on whole-domain totals (<0.05% across scenarios, see Table 3),
so the a-component seldom shifts classes unless very near a bin threshold. By contrast,
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resolution differences up to ~5-6% at coarser scales represent the main driver of potential
class changes in edge cases, primarily affecting / and, locally, w; reporting [GCFI~, GCFI*]
makes these situations explicit.

The shape, orientation, and depth of flooded areas also emerge as decisive elements in
characterizing coastal vulnerability. This behavior reinforces the importance of assessing
not only the flooded area but also the geometric properties of the inundation zone, which
can influence emergency accessibility, exposure gradients, and potential erosional dynam-
ics. The proposed GCFI offers an enhanced diagnostic lens to interpret not just magnitude
but also the spatial footprint of permanent flooding, adding value to conventional CVI
approaches by enabling a more nuanced ranking of vulnerability under different SLR
scenarios (e.g., [33,43]). While geometric descriptors of flooding (e.g., inland penetration)
may qualitatively align with higher susceptibility to shoreline retreat in low-slope sedi-
mentary coasts, these results pertain to permanent inundation, not to erosive shoreline
displacement. Establishing a quantitative link would require morphodynamic modeling
(waves, sediment transport, profile response) that lies beyond the present scope. For future
research, it is possible to benchmark the GCFI against established multi-parameter indices
under a harmonized, site-specific dataset to quantify complementarities and limits.

The case of the Albufera de Valencia illustrates the compounding risks faced by low-
lying agricultural wetlands. While a +1 m SLR under static conditions might not fully
overtop the coastal barrier, the combination of this scenario with episodic storm surges
could trigger catastrophic flooding. This emphasizes the need to account for compound
hazards, particularly in rice-producing regions where saline intrusion and infrastructure
vulnerability intersect under future climate conditions.

Furthermore, the socioeconomic implications of the spatial patterns observed merit
attention. As detailed in Section 2.5, a significant proportion of the inundated surface
corresponds to tourist beaches or urbanized coastal strips with economic value tied to
recreational use and infrastructure. Although not directly modeled in this study, the loss of
beach width, erosion of foredunes, and saltwater intrusion into wetlands suggest potential
economic losses for tourism, fisheries, and conservation initiatives. These insights support
integrating the proposed methodology with land use data and economic impact modeling in
future research. Given the concentration of exposure in ultra-low-lying deltas and lagoons
and the disproportionate effect of the first +1 m of SLR, we recommend a tiered pathway for
decision-making. First, enact zoning and setback policies for lands below the +1 m envelope
and along coastal corridors identified as high /very-high by the GCFI (screening). Secondly,
priority should be given to nature-based solutions, such as the restoration of dune [44]
and foredunes [45], the conservation of wetland areas [46], the combination of these with
hybrid solutions [47] and targeted hardening of critical infrastructure, complemented
(where data permit) by dynamic modeling that accounts for defenses and compound
flooding (appraisal). Third, consider managed realignment or relocation only where
detailed studies project recurrent loss of access or unacceptable risk and where protection
proves disproportionate in cost or environmental impact (implementation). This screening-
to-appraisal sequence avoids blanket relocation recommendations based solely on static
mapping while providing actionable, low-regret steps for at-risk areas.

Because static inundation surfaces ignore defense performance and operational mea-
sures, the resulting extents represent an upper-bound envelope consistent with a no-defense
or defense-failure condition. This framing is useful for contingency planning and risk
communication, helping to identify locations where failure would be unacceptable and
therefore warrant targeted protection/maintenance or, alternatively, managed realignment
in subsequent, site-specific appraisals.
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Lastly, the limitations of the static bathtub model must be acknowledged. Effective
coastal water levels vary spatially due to wave set-up, storm surge, tidal modulation,
groundwater interactions, and the partial performance of dunes, levees, and engineered
defenses. Accordingly, the static surfaces used here should be interpreted as mean water-
level exceedance envelopes rather than fully dynamic flood extents. The results are framed
as a first-order exposure screening to be complemented, where data permit, with dynamic
modeling and explicit evaluation of defense performance. The approach does not resolve
dynamic flood attenuation or friction, tidal amplification, the partial performance of natural
or engineered defenses under load, groundwater-table interactions, or the operation/failure
of pumping infrastructure. These processes require site-specific, process-based modeling
beyond the scope of the present screening. In addition, vertical uncertainties in the source
elevation product—particularly in flat, vegetated coastal lowlands—may affect absolute in-
undation footprints and should be addressed in site-specific studies with ground-validated,
bare-earth DTMs or GNSS control. Likewise, the use of a uniform SRTM-derived source
emphasizes cross-site comparability over local vertical precision. Higher-resolution, locally
calibrated DTMs are recommended for site-specific appraisals and design studies. Because
outputs are reported in image coordinates calibrated to meters-per-pixel, they are suitable
for screening and inter-scenario comparisons, but not for direct overlay with external GIS
baselines. These constraints imply that the approach may overestimate flooding in some
areas and underestimate it in others. Nonetheless, its simplicity and replicability make it a
valuable first-order screening tool for preliminary SLR impact assessment, especially when
combined with participatory planning or scenario development for climate adaptation.

While this study focused on physical exposure derived from topography-based inun-
dation mapping, future extensions of the methodology could incorporate demographic
and economic datasets to provide a more integrated assessment of flood risk. For example,
overlaying land use information, infrastructure data, or population density layers (e.g.,
from census records or OpenStreetMap) onto the flooded zones would enable the identifica-
tion of critical assets and vulnerable groups, which is essential for risk-informed planning
and targeted adaptation measures.

5. Conclusions

This study introduces a reproducible and scalable methodology to assess coastal flood
exposure under sea-level rise scenarios by leveraging SRTM-based inundation imagery and
pixel-level comparison techniques. The approach relies on publicly accessible satellite data
and basic image subtraction techniques, ensuring its replicability and utility across multiple
spatial scales. The method allows the quantification of flooded areas under incremental
SLR scenarios and provides a foundation for the calculation of a composite CVI enhanced
by the introduction of a GCFI to evaluate vulnerability across diverse coastal settings.

Key conclusions include:

Reproducible and scalable methodology: This study introduces a pixel-based approach
using satellite imagery to assess coastal flood exposure under sea-level rise (SLR) scenarios,
requiring minimal computational resources;

Vulnerability patterns: The GCFI captures the shape and inland penetration of flood
footprints, enabling comparative vulnerability screening that complements area-based
metrics and conventional CVIs. Deltas and coastal lagoons emerge as the most critical
areas due to their low elevation and rapid inundation, highlighting the need for early
adaptation strategies;

Methodological factors and applicability: Image resolution and tolerance significantly
influence inundation estimates, emphasizing the importance of methodological consistency.
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The proposed GCFI provides a cost-effective tool for preliminary vulnerability assessments
in data-scarce regions;

Planning potential and future improvements: The method supports preliminary
coastal-risk screening, land-use zoning, and prioritization of adaptation and can be comple-
mented with dynamic flood models, land-use data, and socioeconomic layers where avail-
able to enhance operational relevance. This methodology supports preliminary coastal-risk
screening, land-use zoning, and prioritization of adaptation. A tiered pathway is recom-
mended rather than generalized relocation based solely on static screening: (i) setbacks
below the +1 m envelope in high/very-high GCFI corridors; (ii) nature-based /hybrid
protection with site-specific dynamic appraisal; and (iii) managed realignment only where
detailed studies indicate recurrent, unacceptable risk.

In summary, this study presents an innovative and operationally efficient methodology
that integrates static flood mapping, resolution-sensitivity analysis, and the GCFI within
a unified, computationally lightweight framework. Despite inherent limitations (most
notably, the exclusion of dynamic forcing mechanisms), its methodological simplicity and
adaptability render it a valuable tool for coastal vulnerability assessment. The application
of the GCFI facilitates the classification of coastal segments based on relative vulnerability,
with areas of very high susceptibility typically corresponding to low-lying, geomorpho-
logically flat environments such as deltas and coastal lagoons, whereas urbanized coastal
zones generally exhibit lower vulnerability. This pixel-based approach enhances traditional
assessment techniques that often rely on high-resolution DEMs and high-performance
computing resources, offering a scalable and accurate alternative particularly suited for
large-scale screening in data-scarce or resource-constrained contexts. Furthermore, the
framework provides a robust basis for comparative analysis with SLR inundation scenarios,
enabling verification of spatial risk manifestation and supporting the prioritization of
adaptation strategies in the most exposed regions. For site-specific applications and design
studies, the use of ground-validated, bare-earth elevation data (e.g., LIDAR DTMs and
GNSS control) is recommended to refine absolute flood extents and reduce vertical-bias
uncertainty. For transparency, per-site GCFI bounds [GCFI~; GCFI*] are reported based on
the propagation of resolution and boundary-tolerance perturbations. In most cases, the
resulting vulnerability class remains unchanged, thereby explicitly indicating class stability
in edge cases.
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The following abbreviations are used in this manuscript:

SLR Sea Level Rise

DEM Digital Elevation Model

GCFI Geomorphic Coastal Flooding Index

CVI Coastal Vulnerability Indices

IPCC Intergovernmental Panel on Climate Change

RCP Representative Concentration Pathways

NASA’s SRTM szlti(.)nal Aeronautics and Space Administration’s Shuttle Radar Topography
Mission

BMP BitMaP

LiDAR Light Detection And Ranging
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