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European coastal deformation drives
unequal exposure to climate hazards
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Climate change and land subsidence are altering relative sea levels and compounding risks across
European coasts, yet vulnerability assessments at this scale remain limited. Here we integrate 100-
meter Interferometric Synthetic Aperture Radar measurements (2019–2023) with land-cover,
population, and socioeconomic data to assess physical and social dimensions of coastal exposure.
Northern Europe shows uplift exceeding 5mm per year, while subsidence is prevalent in
Mediterranean regions. Wetlands experience the largest downward motion (2.3 ± 3.1mm per year)
despite covering a small share of coastal areas. Under amiddle-of-the-road climate scenario for 2050,
roughly 94,000 square kilometers of coastal land, nearly 25 million residents, and 8 million buildings
may face inundation. Vulnerability is disproportionately elevated among older adults, marginalized
populations, and economically constrained regions facing heightened exposure yet limited adaptive
capacity. These findings provide a scientific basis for directing adaptation resources where physical
hazards and social inequalities converge.

Coastal areas hold a globally important position due to their unique
geographical location, abundant natural resources, and important eco-
logical functions. These regions are home to many major cities and
population centers in the world, with approximately 70% of the world’s
megacities (>10 million people) located within 60 kilometers of the
coast, contributing 50% of the world’s GDP1–3. As an intermediate
region connecting land and marine habitats, coastal areas are widely
regarded as one of the most productive and respected ecosystems on
Earth4–6. Meanwhile, coastal areas are highly susceptible to the impacts
of global change, with environmental changes and other types of
stressors originating from human development affecting their
vulnerability7,8. In particular, climate change exacerbates risks through
multiple pathways, including the increasing frequency of extreme storm
events, the degradation of coastal ecosystems, and sea level rise (SLR)9–11.
Against this backdrop, land subsidence and SLR, observed over the past
century, pose growing threats to coastal areas, whose vulnerability
continues to intensify under ongoing climate change and human
activities12,13.

Numerous coastal areas worldwide are already under intensifying
pressure from relative sea-level rise. This risk is further exacerbated in
cities undergoing severe land subsidence—such as Jakarta, Tianjin, Ho
Chi Minh City, Venice, and New Orleans—where groundwater over-
extraction and soft soil compaction greatly heighten their vulnerability

to inundation14–19. By 2050, global economic assets exposed to flooding
are projected to increase substantially 20. By 2070, the population at risk
of coastal flooding is expected to rise notably due to the combined effects
of land subsidence, SLR, and urbanization21–23. The interaction between
climate-induced SLR and vertical land motion (VLM) has altered rela-
tive sea levels across the world’s coastal regions24. Subsidence also
amplifies the impacts of other coastal hazards, such as tsunamis and
storm surges, by lowering ground levels and increasing the depth and
extent of inundation25,26. In low-elevation coastal zones, subsidence
exacerbates seawater intrusion and amplifies tidal fluctuations, leading
to soil and groundwater salinization, which diminishes land pro-
ductivity and threatens the sustainability of freshwater resources27,28.
Furthermore, the combined effects of seawater intrusion and tidal
fluctuations impose long-term corrosive stress on coastal infrastructure,
seriously compromising the durability and functionality of critical
facilities, including transportation, energy, and communication
systems29. Notably, subsidence accelerates wetland degradation and
disrupts sediment replenishment, impairing wetlands’ ability to main-
tain essential ecological functions, such as water purification, flood
regulation, and carbon storage30–33. These processes illustrate how land
subsidence and SLR rise interact to generate compound and cascading
impacts on both natural ecosystems and human systems. When such
interactions accumulate, they create highly complex risk environments.
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In this regard, Europe’s coastal regions provide a representative case:
their exposure to compound threats is further shaped by diverse geo-
logical dynamics—including deglaciation, tectono-sedimentary evolu-
tion, and volcanic activity—which produce intricate VLM patterns and
make the continent a valuable natural laboratory for coastal
research34–36.

Building on this global perspective, the European coastal zone exem-
plifies such compound risks, while also exhibitingmarked spatial variability
in VLM, characterized by regional contrasts between uplift and subsidence.
In northern Europe, represented by the Scandinavian Peninsula, the
coastline was primarily shaped by glacial erosion during the last glacial
maximum. Following the retreat of the ice sheet, the crust experienced an
isostatic rebound due to unloading, and the land has continued to rise at an
average annual rate of 1–10 millimeters, resulting in a marked decrease in
relative sea level in the region (locally accumulated over 300 meters)37. In
contrast, the central and southern parts of the European coastal zone are
mostly vast alluvial plains, while the Mediterranean coast of southern
Europe is located in the collision zone between the African Plate and the
Eurasian Plate, with frequent tectonic activity and active seismic and vol-
canic phenomena38–40. Therefore, in areas such as the Netherlands, the Po
River Delta in Italy, and the northern coast of Germany, due to geological
conditions andhumanactivities, hotspots of land subsidence inEuropehave
been focused on41–44. There are extensive investigations and records of local
subsidence areas along the European coast in existing research, but com-
prehensive studies that consider the European coastal zone as a whole
system are still lacking.

This gap has motivated increasing reliance on advanced observation
technologies. In recent decades, the development of satellite remote
sensing monitoring, elevation measurement, and tide gauge analysis
technologies has provided extensive data support for the spatiotemporal
analysis of coastal subsidence phenomena45–47. Although considerable
progress has been made in existing research on land subsidence in
European coastal areas, these studies mainly focus on local hotspot
regions (such as the Po River Delta and western Netherlands), lacking
systematic spatial heterogeneity analysis covering the entire European
coastal zone, making climate adaptation among countries more difficult
to coordinate. More importantly, from an equity perspective, the risks
associated with land subsidence are likely to be distributed highly
unevenly across different social groups. At present, systematic under-
standing at the European scale of how the spatial patterns of ground
subsidence interact with land cover and socio-economic factors to shape
social vulnerability remains limited. This knowledge gap constrains
progress toward equitable adaptation goals that aim to ensure that vul-
nerable populations and regions are not disproportionately left
behind48,49. To address these challenges, a multi-source data fusion ana-
lysis framework was developed. Building on the continental VLM
mapping provided by European Ground Motion Service (EGMS), the
framework integrates land cover, socio-economic, and population data to
enable a critical transition: transforming physical subsidence patterns in
coastal zones into spatially explicit assessments of socio-economic
vulnerability50. Such an approach advances the understanding of the
socio-economic implications of coastal subsidence across Europe and
strengthens the evidence base for promoting equitable coastal risk
governance.

Results and discussion
Patterns and regional characteristics of vertical land motion
across European coastal zones
Natural factors, such as crustal structure and glacial isostatic adjustment, as
well as humanactivities including groundwater extraction, can influence the
observed VLM signals. To evaluate the stability of EGMS data in repre-
senting VLM rates, a conservative threshold of ±0.5mm per year was
adopted as a reference for identifying fluctuations51. A comparison of VLM
data for two consecutive periods (2018–2022 and 2019–2023) across the
European coastal zone, covering approximately 65 million pixels (corre-
sponding to the 100m resolution grid covering the European coastal zone),
indicates that the vast majority of coastal areas exhibit highly consistent
VLM rates (Table 1): about 59% of the pixels show variations within
±0.5mm per year, highlighting the overall stability of the dataset. Specifi-
cally, around 53%of theAtlantic coastline shows no evident change inVLM
rates, while the proportion is as high as 71% along the Mediterranean and
Black Sea coasts, further underscoring the reliability of the data in these
regions. Although roughly 27% of the Atlantic coastline displays VLM rate
changes exceeding 1mm per year (See Supplementary Table 1), revealing
genuine land motion differences, the EGMS data overall remain consistent
across different coastal regions. In particular, in areas such as the Medi-
terranean and Black Sea coasts—where tectonic activity is relatively weak,
glacial isostatic adjustment effects are limited, andhumanactivities aremore
effectively regulated—VLM observations appear more stable, demonstrat-
ing the robustness and regional applicability of the dataset52,53. In summary,
the high stability of EGMS data across different temporal windows provides
a reliable basis for its application in monitoring coastal ground motion.

According toVLMobservation data from the past 5 years (2018–2023,
Fig. 1), the coastal zones of Sweden and Finland in Northern Europe have
experienced notable ground uplift, with an average rate exceeding 5mmper
year. One of the primary geodynamic processes driving this uplift is glacial
isostatic adjustment54,55. Similarly, glacial isostatic adjustment has also
induced landuplift in the coastal zones ofNorway andEstonia, although the
rates are more moderate, with annual averages remaining below 2mm per
year56,57. In contrast, Iceland, as a typical volcanic island nation located on
the mid-Atlantic ridge, exhibits highly active geological and geothermal
activities, resulting in localized crustal uplift or subsidence, while glacial
retreat further promotes crustal uplift by reducing surface loading, leading
to VLM values characterized by a relatively even distribution between
subsidence and uplift58–60. Meanwhile, the VLM values in Latvia and Den-
mark exhibit a relatively concentrated distribution, with themedian close to
0mm per year, indicating that VLM in these areas is relatively stable and
crustal activity is generally in equilibrium compared to other regions.

Moving southward from northern Europe, the continent-wide pattern
of VLM reveals a pronounced north–south gradient, with coastal uplift
prevailing across Northern Europe, while subsidence dominates along the
Mediterranean and Black Sea coasts (Fig. 2). According to high-precision
monitoring data from the EGMS, four major coastal subsidence hotspots
have been identified (See Supplementary Fig. 1): the northern coast of the
Netherlands, Thessaloniki in Greece, the Po River Delta in Italy, and
Schiavonea in Italy. Notably, Schiavonea represents a subsidence hotspot
revealed by EGMS data, which enhances the understanding of subsidence
patterns along European coastlines and provides additional scientific
insights into regional crustal movements50. Along the Atlantic coast of
western Europe, the average VLM rates are generally below 2mm per year;
low-lying countries, such as the Netherlands and Belgium, face particularly
pronounced coastal subsidence,with annualVLMratesexceeding1mmper
year. In comparison, coastal regions in the United Kingdom, Ireland, and
western France exhibit relatively moderate subsidence, with annual rates
typically below 1mm per year. In most areas of the Mediterranean coast of
southernEurope,where theVLMis below1mmper year, the coastal zone is
sinking more severely than in the countries north of the Mediterranean.
When viewed from a finer spatial scale, coastal-to-inland VLM patterns
show distinct regional contrasts (Fig. 2b). Subsidence-dominated coasts,
such as the Atlantic–North Sea and Mediterranean–Black Sea regions,

Table 1 | Fluctuation characteristics of coastal VLM rates in
Europe between consecutive observation periods (unit: mm
per year)

Region >0.5 −0.5 ≤ change ≤ 0.5 <−0.5

Atlantic 22% 53% 25%

Med and Black Sea 14% 71% 15%

Europe 19% 59% 22%

Med and Black Sea refer to the Mediterranean and Black Sea region.
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Fig. 1 | Vertical land motion data along the European coastal zone. a Box plot
representing the distribution of VLM for 23 European countries in this study. The
countries include: 1. United Kingdom; 2. Ireland; 3. Belgium; 4. Bulgaria; 5. Cyprus;
6. Germany; 7. Denmark; 8. Spain; 9. Estonia; 10. France; 11. Greece; 12. Croatia; 13.
Iceland; 14. Lithuania; 15. Latvia; 16.Malta; 17.Netherlands; 18.Norway; 19. Poland;
20. Portugal; 21. Romania; 22. Slovenia; 23. Italy. b Spatial distribution ofVLMalong

the European coastal zone, based on data collected from 2019 to 2023. The
2019–2023 VLM patterns are reproducible across epochs, supporting the use of the
2019–2023 baseline for downstream land-cover and socioeconomic analyses. The
map was created using ArcGIS Pro (version 3.1.5) with the light gray canvas base as
the basemap. All elements in this figure were created by the authors.
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display relatively uniform rates inland, whereas uplift-dominated northern
areas exhibit a clear inland-increasing trend, highlighting Europe’s complex
VLM dynamics.

Furthermore, Malta’s subsidence phenomenon warrants special
attention, as localized VLM rates exceed 2mm per year—well higher than
the average for other Mediterranean coastal countries. With a limited land
area of just 316 km², Malta’s geological structure is primarily composed of
limestone, making it highly susceptible to karstification, which exacerbates
subsidence-related risks and further constrains the country’s ability to adapt
to environmental changes61. It can be seen that the surface material com-
positionofdifferent land cover influences their ability to enhanceormitigate
the VLM. Europe, characterized by its highly indented coastline, hosts a
largenumber of small islands.Owing to their limited resources, these islands
inherently face major constraints, which exacerbate their vulnerability to
climate change by restricting their adaptive capacity, making subsidence a
critical risk factor that directly threatens their long-term sustainability62,63.
At the same time, the surface material composition of the coastal zone
region is complex and diverse, and different VLM patterns influence the
subsidence sensitivity pattern of different sites through the interplay of their
rate variations, spatial heterogeneity, andphysical attributes of the site types;
thus, identifying the coupling relationship between VLM patterns and
surface cover characteristics is crucial for disaster risk assessment in the
European coastal zone.

Subsidence exposure of national land cover in coastal zones
Leveraging the 100m resolution Urban Atlas 2018 dataset (100m spatial
resolution, 43 land use categories) from the Copernicus Earth Observation
programme, this study assesses the spatial exposure patterns of four land
systems along European coastal zones. Focusing on predominant coastal

land cover types, artificial areas, agricultural areas, forested and semi-natural
areas, and wetlands were selected as primary research targets. Analytical
results demonstrate distinct spatial predominance: artificial areas, agri-
cultural areas, forested/semi-natural areas, and wetlands account for 2.3%,
33.5%, 29.3%, and 2.0% of coastal land coverage, respectively. Interpolating
theVLMvalues to the land use dataset, a comparative analysis ofVLM rates
revealed annual subsidence ranging from1.2 to 2.3mmper year across land
cover types, with wetlands exhibiting notably highermean subsidence rates
of 2.3 ± 3.1mm per year (Table 2).

Figure 3 reveals the spatial differentiation characteristics of land cover
types under varying subsidence gradients along the European coastal zones.
Throughout the total subsidence observation period (2019–2023), forested
and semi-natural areas, along with agricultural areas, were the dominant
land cover types in the primary subsidence regions of the European coastal
zone, collectively accounting for nearly 80% of the affected areas. Artificial
areas display concentrated subsidence values within the 0 to −4mm per
year range (peaking near −1mm per year), with overall subsidence

Fig. 2 | Spatial gradients and transition patterns of VLM across European
coastal zones. a Latitudinal variations of VLM, showing the transition from Nordic
uplift to Mediterranean subsidence. Orange dots are medians, and the blue line is a
smooth curve. b Coastal-to-inland VLM transitions, grouped by distance. c VLM
distribution across regions, compared with violin and box plots. d Standardized

VLM density distributions for each region, normalized using the median-MAD
method. By synthesizing the latitudinal gradient at the continental scale, the coast-
to-inland transition, and regional variability, this visualization provides the physical
and statistical basis for the exposure framework.

Table 2 | Statistical of subsidence in the European coastal
zone ground cover system

Urban Atlas 2018 % Subsidence Subsidence (mm per year)

Artificial areas 16.2% 1.2 ± 1.6

Agricultural areas 32.7% 1.5 ± 1.9

Forest and semi-natural areas 44.6% 1.9 ± 3.1

Wetlands 5.6% 2.3 ± 3.1

% Subsidence represents the percentage of each site type in the subsidence area.
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magnitudes being relatively low. Whereas wetlands have the smallest total
area among all land cover types, their subsidence levels in the European
coastal zone are relatively high, with their share in subsidence-prone areas
exceeding twice their total area percentage.

The spatial heterogeneity of subsidencemay stem from climate change
and the structural differences among land systems. Climate change
increases the risk of intrusion of seawater and salinization, which exacerbate
aquifer compression caused by groundwater extraction, leading to sub-
sidence in forested and semi-natural areas64–66. In highly irrigated agri-
cultural lands, particularly in Mediterranean countries, such as Spain and
Italy, subsidence is primarily driven by irrigation-induced shallow aquifer
compression and the densification of the till layer due to mechanical
compaction from agricultural machinery67–71. Meanwhile, human activities,
such as large-scale filling/emptying cycles of large underground water
reservoirs, and underground space development (e.g., tunneling), inevitably
contribute to a certain degree of subsidence in these man-made areas72. For
wetlands, sediment compaction driven by tidal pumping effects and organic
layer volume loss caused by aerobic decomposition of organicmatter jointly
accelerate subsidence, exacerbating the vulnerability of wetland ecosystems
to relative SLR73.

These variations in subsidence mechanisms among different land
cover types directly shape their exposure to ground deformation and
structural resilience. Artificial areas with high-density infrastructure and
concentrated populations are particularly susceptible to secondary hazards,
such as buildingfissures or pipeline damage, under pronounced subsidence.
In contrast, less developed regions, including natural wetlands or agri-
cultural lands, generally face lower exposure. Moreover, the functional
criticality of specific land cover types means that even comparable settle-
ment magnitudes can translate into different levels of economic and social
risk. Collectively, the differential sensitivity of land cover types to subsidence
generates pronounced spatial heterogeneity in exposure and potential
impact.

The impact of relative sea level rise on coastal zones
Under the synergistic effects of global climate change and human
activities, coastal inundation and erosion risks are exhibiting a pro-
nounced intensification trend, with low-lying ecosystems and infra-
structure facing multidimensional threats. The study focuses on the
European coastal zone, integrating VLM and DEM datasets, combined
with SSP2 4.5 SLR projections, to construct inundation risk maps under
relative SLR scenarios. Potential inundation risk areas are systematically

quantified, with particular emphasis on revealing the inundation extent,
affected population size, building density, and asset value under expo-
sure scenarios. Furthermore, the spatial distribution characteristics of
typical land cover types within identified risk-exposed areas are inves-
tigated to establish multidimensional references for coastal resilience
planning.

The risk assessment results indicate that, under a scenario without
any flood prevention measures, relative SLR is projected to expose
approximately 94,000 km² of coastal land in Europe to inundation risks
by 2050. Within these exposed areas, nearly 25 million residents and
more than 8 million buildings are expected to be directly affected,
accounting for 86% of the total coastal population and 6.8% of the total
building stock in Europe, respectively. National-scale coastal exposure
assessments (Fig. 4) reveal that Germany, the United Kingdom, and the
Netherlands rank highest in terms of exposed land area, with respective
exposure extents reaching 12,600, 12,300, and 9300 km², followed by
France and Italy, each with exposure areas exceeding 8000 km².
Regarding population exposure, the Netherlands, the United Kingdom,
and Italy demonstrate the most severe impacts, with exposed populations
reaching 4.7 million, 2.8 million, and 2.1 million, respectively, all sur-
passing the 3-million threshold. Of particular note is the Netherlands,
where the number of exposed buildings reaches 3.5 million, with esti-
mated asset values exceeding €3.4 trillion, far surpassing other European
countries in both metrics.

Spatial analysis of land use composition within inundation risk
exposure areas reveals distinctive distribution patterns, with artificial areas,
agricultural areas, forest/semi-natural areas, and wetlands accounting for
10.9%, 67.1%, 7.9%, and 8.6% respectively. Agricultural areas emerge as the
predominant exposed category, primarily distributed in low-lying zones and
areas susceptible to hydrological alterations, rendering them particularly
vulnerable to relative SLR impacts. This spatial configuration underscores
the necessity for prioritizing risk mitigation strategies in agricultural zones.
To further explore how exposure patterns are associatedwith artificial areas,
we selected representative cases with typical population and infrastructure
exposure across Europe. Analyses of theNetherlands, theUnitedKingdom,
and Italy reveal strong correlations between subsidence patterns and the
distribution of artificial areas. As illustrated in Fig. 5, the Netherlands
exhibits pronounced subsidence concentrated in agricultural and artificial
areas, particularly within major urban centers, including Amsterdam and
the Hague. These subsidence hotspots demonstrate strong spatial corre-
spondence with artificial area distribution. Similar spatial patterns are

Fig. 3 | Subsidence frequency distribution by land
use covers. N is the number of pixels, and VLM is
vertical land motion. The chart was created using
Origin 2024. All elements in this figure were created
by the authors.
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observed in the United Kingdom and Italy, where subsidence intensity
shows positive correlation with artificial areas density, particularly in
urbanized coastal areas.

The exposure risks along European coastlines stem from the
interplay between natural geographical conditions and anthropogenic
activities, exhibiting pronounced spatial heterogeneity in dominant
drivers. The synergy between intense urbanization and land subsidence
markedly amplifies inundation risks in artificial areas—exemplified by
the Netherlands, where artificial areas constitute 56% of national
exposure areas, predominantly concentrated in low-lying urban
agglomerations such as Amsterdam and Rotterdam. The coupling of
geomorphological features and subsidence effects shapes differentiated
risk patterns: Italy emerges as a high-risk hotspot in the Mediterranean
due to the interaction of lagoon-estuary complexes and regional land

subsidence. Of particular importance is the severe risk of inundation
faced by agricultural areas along the European coast, and climate change
will exacerbate many economic and social challenges already faced by
these areas71. Given the dual importance of agricultural systems in
ensuring food security and maintaining ecological functions, their high
exposure underscores the necessity of prioritizing them in coastal risk
management strategies74. In addition to the combination of natural and
anthropogenic factors, coastal risk is deeply embedded in the social
fabric. Social vulnerability exhibits marked stratification and spatial
differentiation, and this structural vulnerability leads to clear differences
in the extent of damage and the speed of recovery from actual hazards
among different regions and groups, even in similar geographically
exposed environments, thus exacerbating differential vulnerability to
coastal zone inundation risk.

Fig. 4 | Exposure assessment of European coastal zones by 2050. The exposure
assessment in this study is confined to coastal inundation zones, while a national-
scale basemap is displayed for cartographic clarity. aDistribution of exposed areas in
European coastal countries. b Distribution of exposed population in European

coastal countries. cDistribution of exposed buildings in European coastal countries.
dDistribution of exposed assets in European coastal countries. Themapwas created
using ArcGIS Pro (version 3.1.5) with the light gray canvas base as the basemap. All
elements in this figure were created by the authors.
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Climate change inequality in coastal zones
Climate change imposes unequal and uneven burdens across regions,
necessitating a more nuanced understanding of this global crisis75. Climate
risks are deeply coupled with social vulnerability, which is commonly
assessed through indicators such as economic deprivation, dependent age
structures, and systemicmarginalizationbasedonethnic or group identity76.
These dimensions collectively characterize differences in sensitivity and
adaptive capacity among social groups when facing environmental hazards.
Within this context, the present study situates its assessment under the
European Union’s Just Resilience objective, emphasizing that climate
adaptation planning should ensure the inclusion and protection of themost
vulnerable populations, including those differentiated by age, health status,
economic conditions, and place of residence77. Integrating this policy fra-
mework with the social structure of Europe, the situation of Roma com-
munities provides a critical analytical focus: they are not only economically
disadvantaged but also experience persistent social exclusion based on
ethnic identity, rendering them particularly susceptible to compounded

inequalities under climate impacts78,79. Accordingly, this study integrates
economic, age, and ethnic dimensions to systematically assess the spatial
distribution of climate risk along European coasts, thereby revealing pat-
terns of social inequity that may persist despite the EU’s just resilience
objectives.

To systematically analyze the impact of economic background on
the differences in climate risk exposure across coastal areas, the exposed
coastal geographical units of Europe (the smallest statistical district units
for which data are available) are divided into four economic level stages
based on the economic statistics of each country (Fig. 6). The proportions
of geographical units within each stage from low to high are 25%, 24%,
22%, and 29%, respectively. Regional economic conditions are a critical
factor in determining adaptive capacity, as higher economic-level cities
typically possess more sufficient resources to implement systematic cli-
mate adaptation measures80. Consequently, despite this overall balanced
economic distribution across European coasts threatened by SLR, a
marked adaptive capacity gap exists between economically developed

Fig. 5 | Examples of regions with high exposure to land subsidence. a National
land cover map for the Netherlands area. b Land subsidence across the Netherlands.
c Overview map that helps locate the relevant area within the Netherlands. d Land
cover in parts of the United Kingdom. e Distribution of land subsidence in parts of
the United Kingdom. f Overview map that helps locate the relevant area within the

United Kingdom. g Land cover in parts of Italy. hDistribution of land subsidence in
parts of Italy. i Overview map that helps locate the relevant area within Italy. The
map was created using ArcGIS Pro (version 3.1.5) with the light gray canvas base as
the basemap. All elements in this figure were created by the authors.
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cities, which can build resilient defense systems, and areas at a basic
economic level.

While economic conditions set the baseline capacity for adaptation,
demographic factors such as the proportion of older adults and children
influence thedegreeof vulnerabilitywithin local populations.Analysis of the
European coastal population exposure reveals the particular vulnerability of
specific demographic groups. Older adults and children, whose capacity to
copewith climate risks is often limited, currently constitute about 40%of the
exposed population on average. Projections indicate this share will rise to
60%by2050.Notable spatial disparities exist, fromahighof 70% inAlmería,
Spain, to a still-substantial 58% in Kymenlaakso, Finland. This trend
underscores increasing demographic vulnerability due to population aging,
which will likely compound the challenges of future climate adaptation and
riskmitigation strategies. Beyond age-relatedvulnerability, social and ethnic
inequalities intersect with demographic factors, further shaping the expo-
sure and adaptive capacity of marginalized groups.

Climate change exacerbates the vulnerability of marginalized groups
through intersecting social inequalities81. The situation of the Roma, Eur-
ope’s largest ethnic minority, is a case in point. Data from the European
UnionAgency for FundamentalRights (2021) show that, onaverage, 80%of
the Roma population in 10 European countries lived at risk of poverty (with
disposable income below 60% of the national median). Spain recorded the
highest rate, at 98%, indicating severe economic marginalization79.

In Spain, the Roma population is concentrated primarily in the
southeastern regions. Key coastal cities within these regions, such as Seville
and Valencia, face high flood exposure risks. These cities also rank among
the highest in Spain in terms of the number of Roma communities, settle-
ments, and housing units, creating a spatial overlap that compounds
exposure and vulnerability. Furthermore, poor housing conditions pre-
valent among low-income Roma communities, which often lack structural
resilience, increase their susceptibility to natural disasters and extreme
weather events82.

Disparities in insurance coverage further reveal institutional gaps. As
noted by the World Health Organization, traditional community-based
health insurance schemes have had limited success in providing universal
coverage, and poor and marginalized groups rarely receive adequate
support83. This lack of access to formal financial protection limits the post-
disaster recovery capacity of socioeconomically disadvantaged groups.
Thus, land subsidence, poor housing conditions, and the unevenness of
institutional support collectively amplify the overall risk faced by Roma
communities in high-risk coastal areas.

In summary, pronounced disparities in exposure, vulnerability, and
adaptive capacity exist across different groups and regions under climate
change. Although socially marginalized populations and low-income areas
may constitute a small fraction of the coastal zone spatially, the impacts they
suffer can be profound and long-lasting. Pre-existing inequalities are
amplified by climate impacts, deepening the vulnerability of disadvantaged
groups and creating a vicious cycle of escalating risk that raises serious social
justice concerns14.

A deeper look at VLM patterns, land cover, coastal exposure patterns,
and social structure heterogeneity reveals that natural physical processes are
not spatially isolated, but rather intertwined with social vulnerability. High
subsidence areas tend to coincide with low-lying, highly urbanized areas,
and these areas with high concentrations of population and infrastructure
are prone to higher exposure risks in the context of relative SLR.Meanwhile,
in these high-risk areas, groupswithweaker socio-economic conditions and
poorer adaptive capacity are more vulnerable to shocks in the face of
environmental changes and extreme events, thus forming a risk aggregation
area characterized by high subsidence, high exposure, and high vulner-
ability. It can be seen that the spatial aggregation of risk is not accidental, but
is the result of long-term interaction between natural processes and social
structures. The complex dynamics of risk highlight the multidimensional
nature of potential risks in coastal areas, offering a broader perspective for
future research.

Conclusions
This study presents a unified and systematic assessment of subsidence in
European coastal nations. Along the Atlantic coast of western Europe,
subsidence remains relatively moderate, with annual subsidence rates
generally below 2mm per year. In contrast, the Mediterranean coast of
southern Europe exhibits a stronger subsidence trend, particularly in
small island nations, where resource constraints and high-intensity
human activities exacerbate the issue. Agriculture and forests, as the
dominant land cover types in the European coastal zone, are prevalent in
subsidence areas. However, the proportion of artificial surfaces in sub-
sidence areas is considerably higher than their overall share of land cover.
Notably, subsidence hotspots in high inundation risk countries, such as
the Netherlands and the United Kingdom, exhibit pronounced overlap
with artificial areas, underscoring the role of human activities in driving
disaster exposure. As critical ecosystems, wetlands account for only 2% of
the coastal zone yet exhibit the highest subsidence rates, and thus the
unique geohydrological characteristics of wetlands should be fully con-
sidered in coastal adaptation planning.

Under climate change, the combined effects of land subsidence and
SLR pose substantial risks and economic losses to Europe’s coastal
zones. The adaptive capacity of different regions follows a pronounced
socioeconomic gradient, where economically developed areas generally
demonstrate stronger climate resilience, whereas less developed regions
face systemic resilience deficits. Among the exposed areas in the study
region, the number of low-development zones is nearly equivalent to
that of highly developed cities, presenting a dual challenge for coastal
risk management—both safeguarding critical infrastructure and eco-
nomic assets in high-development cities and enhancing the adaptive
capacity of less developed regions. Additionally, older adults (>65 years)
and children (<15 years) constitute 40% of the exposed population, with
their limited mobility and adaptive resources exacerbating their vul-
nerability. Moreover, the overconcentration of marginalized

Fig. 6 | Distribution of salary levels by exposure zone in Europe. The pie chart
shows the wage distribution of the exposed regions in the country, divided into four
categories from low to high. The black shaded area is the submerged exposed area.
The lower-right panel presents a bar chart of projected gross domestic product
(GDP, in trillions of U.S. dollars) for selected European countries in 2050, providing
a standardized reference for comparing the absolute economic capacity of the
exposed countries94. The map was created using ArcGIS Pro (version 3.1.5) with the
light gray canvas base as the basemap. All elements in this figure were created by the
authors.
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communities, such as the Roma population, within high-risk zones,
combined with their limited policy engagement, creates a reinforcing
cycle of vulnerability that requires intervention through inclusive gov-
ernance strategies.

Understanding land subsidence and its driving factors in the European
coastal zone is essential for assessing andmitigating coastal inundation risk.
Despite certain limitations in spatial resolution and temporal frequency, the
EGMS still provides a valuable source of surface deformation data across
Europe, laying a scientific foundation for transboundary geohazard pre-
vention and climate change response, while demonstrating strong potential
for supporting cross-regional comparisons and long-term trend assess-
ments. The main contribution of this study lies in building on a validated
VLM mapping framework and integrating it with land cover and socio-
economic indicators to construct a multi-source exposure risk framework,
offering an integrated perspective for investigating subsidence-related
hazards and social inequalities.

Nevertheless, several limitations should be acknowledged. First, the
bathtubmethod itself has inherent constraints. Basedon a static assumption
of free water filling, it does not account for tidal dynamics, hydrodynamic
processes, or drainage systems, which may affect the accuracy of the pre-
dictions. Second, in measuring asset exposure, we focus on building values
to capture the potential direct losses to private wealth. This provides an
important complement to existing GDP-based analyses; however, a com-
prehensive economic risk assessment should also incorporate public,
commercial, and industrial assets. Third, in the treatment of economic
indicators, converting values into within-country percentiles preserves the
national context but obscures absolute cross-country differences, thereby
limiting interpretations of adaptive capacity across nations. Finally, in terms
of demographic structure, this study adopts future age-composition sce-
narios to better reflect projected population changes, yet the assumption
that subnational trends follow national-level dynamics may not fully cap-
ture local heterogeneity.

Future research could build on this foundation by incorporating
dynamic hydrological processes to more realistically simulate inundation
patterns, while integrating multi-dimensional asset data, higher-
resolution demographic information, and more detailed land-use clas-
sifications. Such refinements would enable a more nuanced identification
of vulnerabilities across different built environments, contributing to a
more comprehensive understanding of coastal subsidence risk and its
inequalities. These efforts would also provide stronger scientific support
for enhancing climate resilience and long-term spatial planning in Eur-
opean coastal regions.

Methods
Vertical land motion data
This study leverages interferometric synthetic aperture radar data from the
Sentinel-1 satellite, provided by the EGMS. The analysis specifically utilizes
the EGMS-derived ortho product, referenced to a geocentric coordinate
framework50. With a spatial resolution of approximately 100 meters, this
dataset enables high-precision detection and quantification of ground
motion across Europe at themillimeter scale. The 2019–2023 EGMSOrtho
vertical velocity field serves as our baseline for all main-text spatial sum-
maries and socioeconomic integration. The 2018–2022 epoch is used only
for an inter-epoch consistency check.

The VLM data use the European Terrestrial Reference System 1989—
Lambert azimuthal equal-area projection coordinate system, which facil-
itates spatial analysis on a European scale. This coordinate system was
chosen for its ability tominimize distortion in area representation,making it
particularly suitable for continental-scale studies. For this study, subsiding
land was defined as all areas exhibiting a VLM rate of less than 0mm per
year. Based on the availability of consistent and high-quality data, annual
meanVLMdata for theperiods 2018–2022 and2019–2023were acquired to
characterize the trends of land movement in the inland regions of the
European coastal zone, enabling a robust comparison of temporal changes
in ground motion. By comparing the velocity changes between the two

periods, the study aimed to reveal the acceleration or deceleration char-
acteristics of land subsidence or uplift, thereby quantifying the dynamic
changes inVLMrates across coastal areas. Subsequently, theVLMdatawere
integrated to perform a detailed analysis of the subsidence characteristics in
various regions of the European coastal zone, aiming to uncover the spatial
distribution and regional variability of subsidence changes (Fig. 1).

In this study, theEuropean coastal zone is defined as the area extending
up to 100 kilometers inland from the coastline of European seas. This
distance is consistent with previous large-scale coastal studies, as it captures
the socio-economic and environmental characteristics of coastal regions
while ensuring analytical feasibility at the continental scale14,51,84. To
delineate this zone, the ne_10m_coastline dataset (https://www.
naturalearthdata.com/downloads/10m-physical-vectors/10m-coastline/)
fromNatural Earth was used as the base, clipped to the European region. A
100-kilometer inlandbufferwas thengenerated to represent the coastal zone
for spatial analysis. VLM data within this delineated study area were sys-
tematically extracted, and areas with sparse or discontinuous data points
were excluded to ensure data reliability. The analysis encompassed 25
countries within the European coastal zone, namely Belgium, Bulgaria,
Croatia, Cyprus, Denmark, Estonia, Finland, France, Germany, Greece,
Iceland, Ireland, Italy, Latvia, Lithuania, Malta, Netherlands, Norway,
Poland, Portugal, Romania, Slovenia, Spain, Sweden, and the United
Kingdom. This selection was based on the geographical distribution of
coastal regions and the availability of high-quality InSAR data, ensuring a
representative sample of European coastal dynamics and facilitating a
comprehensive assessmentofVLMtrends and their spatial variability across
the European coastal regions.

National land cover data
This study utilized the 2018 European land cover map (Urban Atlas 2018),
released by the Copernicus Earth observation programme, which provides
detailed spatial information on land surface characteristics across Europe.
The Urban Atlas 2018 encompasses 43 land cover categories and was
employed in this research as a grid map with a spatial resolution of 100
meters. For the purposes of this study, four primary land cover types were
selected: artificial areas (land cover types where the original natural envir-
onment has been fundamentally altered by human activity), agricultural
areas, forests and semi-natural areas, and wetlands. These categories were
chosen to represent the dominant land cover types in coastal regions and to
assess their varying responses to environmental changes such as land sub-
sidence and inundation risks.

To evaluate the subsidence exposure of various coastal systems along
Europe’s coastline, VLM values were interpolated onto a land cover map.
This process ensured that the VLM values were accurately represented
across different land cover types, allowing for the extraction of corre-
sponding VLM values for each land cover pixel. In order to quantify the
distribution characteristics of different land cover types within the VLM
range of 0 to−6mm per year, this study calculated the pixel proportion of
each land cover type in this interval (Fig. 3)51. This approach provided a
detailed understanding of how land subsidence varies across different land
cover types, particularly in areas experiencing moderate to high
subsidence rates.

Based on the spatial distribution data of land subsidence, this study
employed pixel-based statistical methods to calculate the proportion of
subsidence pixels within each land cover type. This approach enabled a
quantitative assessment of the differential impacts of land subsidence on
various land cover types, highlighting the varying susceptibility of
artificial areas, agricultural areas, forests and semi-natural areas, and
wetlands to subsidence. Furthermore, to explore the relationship
between land cover and inundation risks, the spatial distribution
information of land cover within inundation risk zones was extracted
(See Supplementary Fig. 2). By analyzing the spatial pattern character-
istics of land cover within these zones, the study identified the dis-
tribution patterns of land cover types associated with potential
inundation risks.
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Exposure assessment
Weused a bathtubmodel topredictflood risk in European coastal countries
(See Supplementary Fig. 3)14,85–87. The evaluation mainly used the following
datasets:

VLM (vertical land motion): ground motion data for the European
coastal zone at a standard resolution (100m), sourced from the EGMS.

DEM (digital elevation model): a 30m resolution DEM from the
Copernicus Programme, serving as the baseline topographic dataset.

SLR (sea level rise): projected geocentric SLR estimates under the SSP2-
4.5 scenario, derived from IPCC assessment reports.

MSL (mean sea level): standardizedMSL referenced to a global datum
(See Supplementary Fig. 4), provided by the permanent service formean sea
level (https://psmsl.org/data/obtaining/complete.php)88.

TheVLMrates are resampled tomatch the30mresolutionof theDEM
using bilinear interpolation. Assuming the 2019–2023 VLM rate persists
from 2022 to 2050 (constant-rate baseline), the elevation is projected from
the DEM reference year (2022) to the target year (2050)14.

DEMmod ¼ DEM2022 þ VLM×Δt ð1Þ

In which DEMmod represents the projected future elevations (2050)
after adjusting for VLM; DEM2022 provides the initial elevation data for
2022; VLM is used to quantify the annual uplift or subsidence of the land
surface; Δt is a time-dependent adjustment factor (in years), converting the
VLM rate to cumulative elevation change over the period from 2022 to the
target year (2050, Δt = 28). We carry forward the empirically observed
2019–2023 VLM rate to 2050 as a constant-rate baseline.

Meanwhile, based on the SSP2-4.5 scenario predicted by IPCC, the
median SLR rate was selected to estimate the sea level by 2050. To avoid
duplicate calculations of ground subsidence, the novlm (noVLM) version is
used for prediction. During the prediction process, the SLR rate is assigned
to the nearest tidal station, and the adjusted tidal station data is used to
predict the 2050 sea level. Finally, the inundation risk is evaluated by sub-
tracting the adjusted DEM elevation from the estimated average sea level
(Eq. 2)14.

Inun ¼ DEMmod � SLR50 þMSL
� � ð2Þ

In which Inun represents the estimated exposure value; DEMmod is the
corrected elevation model updated using the VLM projections; SLR50
represents the 50th percentile of IPCC’s prediction of global SLR by 2050;
and MSL denotes the mean sea level.

To delineate spatially continuous submerged units, a connectivity
analysis is conducted on the computed results. Under the assumption that
no flood control measures are implemented, regions exhibiting negative
exposure values in the analysis are identified as high-risk coastal flood zones
by 2050. Following the identification of these exposure zones, subsequent
analyses quantify the vulnerability of three key coastal elements: (1) land
area, (2) population, and (3) buildings. Population exposure was quantified
by extracting and aggregating projected population data for the year 2050
under the SSP2 scenario within the delineated inundation zones (See Sup-
plementary Table 2)89. Building exposure assessment utilized Microsoft’s
Building Footprints dataset to count the number of structures located in
exposed areas90. For economic impact analysis, country-level housing price
data (See Supplementary Table 3) were integrated from Statista and
Numbeodatabases (https://www.numbeo.com/cost-of-living/)91.Assuming
the affected properties are a total loss, the potential economic loss caused by
relative SLR was estimated by calculating the product of the total exposed
built-up area and the property price per unit area.

Socioeconomic and demographic data
To comprehensively investigate the different responses of European coastal
countries to the pressing challenge of relative SLR, we systematically col-
lected statistical data for the exposed areas, including economic and
demographic indicators from the official statistical offices of various

European countries. The dataset consists of the most recently published
annual or monthly data from each country’s national statistical office, with
the geographic granularity determined by the smallest administrative unit
level for which data is made publicly available in each respective country.
The exposed population and assets were then aggregated to the national
level to produce the final results for international comparison. This
approach ensures that the country-scale estimates are grounded in detailed
spatial calculations.

Given that the economic indicators provided by each country do not
adhere to a uniform standard across Europe, we transformed the raw eco-
nomic values of individual geographic units into their corresponding per-
centile rankings relative to the national distribution. This standardization
facilitates more accurate and meaningful comparisons across different
countries, while preserving the relative economic standing of each unit
within its national context.

During the data standardization process, the study employs a quartile-
based classification system to categorize economic indicators across all
geographic units at the national level. Specifically, the economic data are
stratified into four distinct percentile ranges: (1) lower quartile (below the
25th percentile), (2) lower-middle quartile (25th to 50th percentile), (3)
upper-middle quartile (50th to 75th percentile), and (4) upper quartile
(above the 75th percentile). This methodological framework enables the
systematic analysis of economic data distribution patterns within
inundation-prone geographic units. Through this approach, the analysis
can effectively assess the relative economic development levels of vulnerable
coastal regionswithin their national contexts, providing critical insights into
their differential susceptibility and adaptive capacity in response to
relative SLR.

Based on the most recent national census data, we systematically col-
lected demographic information pertaining to population cohorts aged 65
and above and under 14 in the submerged risk area. To project future
demographic changes, we calculated a national-level population change
factor using age structure data (share of population aged 0–14 and 65+) for
2024 and 2050, sourced from the World Population Prospects 2024 pub-
lished by the United Nations92.

f c;age ¼
q2050c;age

q2024c;age

ð3Þ

Where q2024c;age and q
2050
c;age are the national population shares of age group age in

country c for 2024 (WPPestimate) and2050 (WPPprojection), respectively.
This factor f c;age projects the relative change in the national age structure.

�r2050A;age ¼ r2024A;age × f c;age ð4Þ

This estimates the future absolute share�r2050A;age of age group age in study
area A for 2050, by applying the national change factor (f c;age) to its initial
local share (r2024A;age).

r2050A;age ¼
�r2050A;ageP
agek

�r2050A;agek

ð5Þ

Here, agek denotes all age groups within study area A (including the
specific age group of interest). This final step normalizes the projected
shares from Eq. (4) so that the proportions for all age groups within area
A sum to 100%.

Regarding theRomapopulation, our study incorporates related reports
from the European Union Agency for Fundamental Rights, focusing par-
ticularly on poverty indicators and socio-economic challenges79. This data
provides crucial insights into the broader social context of Roma commu-
nities across Europe. Furthermore, through community data from the
Spanish Gypsy Foundation, we have been able to establish spatial dis-
tribution patterns of Roma settlements, enabling us to examine potential
correlations between their residential locations and flood-prone areas (See
Supplementary Table 4)93.
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Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The vertical land motion data used in this study are publicly available from
https://egms.land.copernicus.eu/. Copernicus 30m digital elevation model
(DEM) data are publicly available from the Copernicus data space ecosys-
tem (https://dataspace.copernicus.eu/explore-data/data-collections/
copernicus-contributing-missions/collections-description/COP-DEM)
and related portals. Land cover data can be accessed from the Copernicus
Land Monitoring Service: https://land.copernicus.eu/en/products/corine-
land-cover. Sea-level rise data are available from theWorld Data Center for
Climate: https://www.wdc-climate.de/ui/. The supporting datasets
(including land use, population, asset, demographic, and tidal observation
data) generated during this study are publicly available via Figshare: https://
doi.org/10.6084/m9.figshare.30866342.All otherdata generatedor analyzed
in this study are available through the sources listed above and in the
references cited within the main text.

Code availability
Thecodeused todownload theEuropeanGroundMotionServiceEuropean
vertical land motion data is publicly available and has been deposited in
Figshare: https://doi.org/10.6084/m9.figshare.30866342.
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