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European coastal regions host a dense transport network that supports

various human activities and well-being. However, global warming is
expected toincrease coastal flooding risk, whose impact on existing and
planned European transport systems remains unknown. Here we present
the fully probabilistic assessment of coastal flood risk to Europe’s surface
transportinfrastructure at different levels of global warming. Under
baseline conditions (1980-2020), we find 1,592 km of networks are affected
annually, causing expected annual damage of up to €722 million. Roads

are projected to be more affected than railways in all countries. Passenger
and haulage transport within the low-elevation coastal zone are currently
overwhelmingly road dependent, which signals potential for widespread
disruptions unless transportation modes change. With 1.5 °C warming, the
Europe-wide expected annual damage may reach €1,108 million, and with
4 °C,itisprojected to be as high as €1,487 million. Adaptation expenditures
willincrease with every fraction of global warming in most countries.

The coastal zoneis characterized by high population densities and the
presence of transport, cultural and economic infrastructure. In the
European Union, approximately one-third of the population resides
within 50 km of the coast’. The Sixth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC AR6) states with high confi-
dencethat extreme sealevel events, which canlead to coastal flooding,
will become more intense and frequent over the twenty-first century
in almost all regions of the world**. Previous studies have projected
that without adequate mitigation and adaptation measures, coastal
flooding along the European coastline could result in expected annual
damage (EAD) of up to €240 billion by 2100 under the high-emission
Representative Concentration Pathway (RCP8.5)", amore than170-fold
increase over the present-day EAD of €1.4 billion.

Transport infrastructure is particularly important among
civil infrastructure due to its pivotal role in mobility, trade and

communication*'°, With increasing urbanization and maritime activ-
ity, transport infrastructure has become more concentrated in the
European coastal areas". The European Union is working towards
completing the Trans-European Transport (TEN-T) core network by
2030 and amore extended, comprehensive transport network by 2050,
prioritizing the development and interconnection of major transport
corridors'?. Many of these planned investments are located in coastal
regions to enhance cross-border mobility and economic integration.
Atthe sametime, these coastal areas are atincreasing risk from coastal
flooding due to global warming, highlighting theimportance of align-
inginfrastructure planning with climate resilience.

Despite the urgency for large-scale risk information, most coastal
flood-risk assessments remain focused on regional scales™ . Although
European-scale projections of coastal flood risk do exist, they gener-
ally do not address impacts on transport infrastructure specifically,
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Fig. 1| Coastal flood risk to surface transport infrastructure in Europe by
transport type for different global warming levels. a, EALA. b, Median EAD
(colour bar plot) and the associated uncertainty range of it. The grey box plots
show the 5th percentile, median and 95th percentile values, with whiskers
extending to the minimum and maximum values. The EAD distributions were

derived from probabilistic EAD estimates for individual road and rail segments
(1,000 EAD samples per segment). The number of segments for each distribution
is shown above each boxplot. Baseline values are for 1980-2020 climate
conditions.

focusing instead on general exposure metrics such as population,
gross domestic product (GDP) or sectoral damages” . There are a
few global-scale studies that project future coastal flood risks under
climate change scenarios, but these largely emphasize population and
socio-economic exposure?®?, Ontransportinfrastructure specifically,
existing large-scale flood-risk assessments have primarily concentrated
on fluvial flooding, with studies assessing impacts on roads** and
railways separately across Europe”. However, detailed assessments
of coastal flood risk to European transport infrastructure, including
bothroad and rail networks, under present and future global warming
levels are lacking in the scientific literature to date.

The very few previous studies that have specifically focused on
fluvial flood damage to transport infrastructure show that flooding
of road and rail networks comprises a large share of all direct tangi-
ble flood losses, typically ranging from 5% to 10% and up to 50% to
60% of the total flood damage in cases where the exposed network is
extensive—for example, in highly urbanized or infrastructure-dense
regions’®. However, these studies provide only approximate estima-
tions, employing broad assumptions, such asusing gridded land-cover
maps to determine exposed transport networks, applying a single
damage function and assuming a uniform maximum damage value
for all types of transport infrastructure. One reason for the lack of
detailed flood damage modelling for transport infrastructure is that
narrow, line-like transport networks are difficult to capture with the
low-resolution gridded land-cover maps commonly used in flood
impact/risk studies?***"*2,

Another challenge in quantifying the damage to transport infra-
structure relates to vulnerability evaluation. In flood-risk studies,
vulnerability is often translated into a damage value by multiplying
the fractional damage associated with a given flood depth (typically
derived from depth-damage (DD) curves), with the reconstruction cost
of the asset?****2, Defining these DD curves and assessing reconstruc-
tion costsatalarge scaleis particularly challenging due to the diversity
ofroad and rail types, their varying damage for different flood depths

and widely varying construction practices and costs across different
countries®. Consequently, large-scale impact assessments inevita-
bly rely on broad generalizations to account for these variations in
vulnerability input data®. Thus, the lack of high-resolution datasets
withrelevant attributes, type-specific damage dataand computational
resource limitations have been a substantial barrier to conduct detailed
large-scale flood-risk assessments of transport infrastructure.

Recently, the OpenStreetMap (OSM) dataset, which is feature-
based and almost complete for most European countries®*, has enabled
moreaccuratelarge-scale damage estimates. Building onthis, the model
GMTRA was introduced for global-scale multi-hazard risk analysis,
estimating the multi-hazard-related annual damage of transport net-
works, but only for the current climatic conditions, by treating road
and rail segments as line objects with attributes™. This approach has
since been applied in continental-scale fluvial flood-risk assessments
of European road infrastructure for current climate conditions**
and for rail infrastructure under different global warming levels®,
withimprovements in DD curves and reconstruction costs. However,
to date, a comprehensive assessment of coastal flood risk to surface
transport infrastructure, including both road and rail networks, at a
Europeanscale hasnotbeen attempted, the knowledge gaps this study
isspecifically designed to address.

Here we assess the coastal flood risk to European road and rail
networks across a range of global warming levels. We present projec-
tions for global mean temperature rises of 1.5 °C and 2 °C (relative to
1850-1900), aligned with the Paris Agreement temperature targets
and higher global warming levels of 3 °C and 4 °C (relative to 1850-
1900). We integrate coastal flood maps (derived from process-
based numerical modelling) for the aforementioned global warm-
ing levels, existing road and rail networks together with their attri-
butes and type-specific flood depth-related reconstruction costs to
calculate total damage. Risk is reported probabilistically in terms
of EAD in euros per year, which represents the average annual dam-
age from all possible coastal flood events, accounting for both the
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Fig. 2| Coastal flood risk to surface transport infrastructure in Europe
expressed as EALA for different global warming levels at the country scale.
a, Baseline EALA (the estimate under 1980-2020 climate conditions). b, The
change in EALA from the baseline value for different global warming levels; the

© EuroGeographics 2025

Netherlands and Belgium are not affected by the range of flood-return periods
considered in this study due to the very high levels of coastal protection already
in place. Basemap administrative boundaries from EuroGeographics 2025 under
alicenceavailable at https://www.mapsforeurope.org/licence.

probability of each event and the damage it would cause. We also
calculate the expected annual length (of roads and railways) affected
(EALA) in kilometres per year, reflecting the average annual extent
of surface transport infrastructure affected by coastal flooding.
These metrics are provided at national and continental levels
(results at the Nomenclature of Territorial Units for Statistics, level 3
(NUTS3) region and IPCC AR6 subregion levels are also given in
Supplementary Figs. 1 and 2 and Supplementary Tables 1 and 2; for
ease of reference, asummary table highlighting the key findings from
our analysisis included as Supplementary Table 3).

European-scale assessment

We find that 1,592 km of road and rail networks are annually affected
by coastal flood events under baseline (1980-2020) climate conditions
(Fig.1a). Asthe global meantemperaturerises, thisamountis projected
toincrease substantially. For aglobal warming level of 1.5 °Crelative to
1850-1900, the projected EALA increases to 2,542 km, an~60% increase
from the baseline. At 2, 3 and 4 °C of warming, the EALA increases
further to 2,648 km (66% more than the baseline value), 3,083 km
(93% more than the baseline value) and 3,317 km (108% more than the
baseline value), respectively.

Looking furtherinto the exposure and risk faced by different types
of surface transport infrastructure in Europe, road networks emerge
as being more affected by coastal flooding than railways (Fig.1a). This
is probably because most European countries have a greater extent
of roads than railways within the low-elevation coastal zone (LECZ),
defined as areas <10 m above mean sea level****, making them more
exposed to coastal flooding (Supplementary Table 4). Considering
baseline EALASs, tertiary roads account for the largest share of total
EALA, with 630 km, representing 40% of the total. Secondary roads
follow with 348 km affected (22% of the total EALA), followed by
primary roads (238 km, or 15% of the total EALA) and conventional
non-electrified rails (222 km, or 14% of the total EALA).

The above annually affected lengths are directly associated with
economic damage, whichis here quantified in terms of the EAD (Fig. 1b).
Ourassessment indicates abaseline (1980-2020) EAD of approximately
€519 million [€318 million-€722 million] (median [5th-95th percen-
tiles]) for Europe. With 1.5 °C of global warming, the EAD is projected
toincrease to €818 million [€530 million-€1,108 million]: anincrease
of about 58% from the baseline EAD. With 2 °C of warming, the EAD is
projected to increase to €844 million [€550 million-€1,140 million],
reflecting a 62% increase from the baseline value. The projected EAD
values increase even further with 3 °C of warming, with the median
EADincreasing to€1,002 million [€645 million—€1,361 million] (a93%
increase from the baseline). Should the global warming level reach 4 °C,
the EAD is projected to rise as high as €1,090 million [€695 million—
€1,487 million], more than doubling the median baseline EAD.

In contrast to the predominant affected length of road networks
over railways in total EALA, rail damage comprises alarger portion of
the total EAD. This is probably because reconstruction of rail infra-
structure is generally more expensive than that of roads”. Specifically,
the EAD related to conventional non-electrified rails for the baseline
is €275 million, which accounts for half of the total EAD (Fig. 1b). This
dominance of the European-scale EAD by rail infrastructure compared
to that associated with roads increases with higher levels of global
warming (Fig. 1b).

Country-level assessment

The largest EALA for baseline conditions is in Italy (436 km), UK
(355 km), France (195 km), Norway (100 km) and Denmark (not includ-
ing Greenland) (94 km) (Fig. 2a). All of these countries are projected
to experience a substantial increase in their EALA with increasing
global warming levels. Even under the lowest-considered global warm-
inglevel of 1.5 °C, the projected increasesin EALA from baseline values
aresubstantial, withincreases of 19% inItaly, 77% in UK, 114% in France,
12% in Norway and 77% in Denmark (Fig. 2b).
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change in future GDP) (data fromref. 42); the Netherlands and Belgium are not
affected by the range of flood-return periods considered in this study due to the
very high levels of coastal protection already in place. Basemap administrative
boundaries from EuroGeographics 2025 under alicence available at https:/www.
mapsforeurope.org/licence.

Interestingly, the higher EALAin these countries appears not tobe
primarily linked to the extent of LECZ. For example, UK’s EALA for base-
line conditions (355 km) is much higher than that of France (195 km).
However, UK and France have more or less the same LECZ areas per kilo-
metre of coastline length (1.34 km? km™and 1.35 km* km™, respectively)
(Supplementary Table 5 ****°). In Norway, the LECZ area per kilometre
of coastlineisrather low (0.25 km? km™), yet Norway ranks among the
top-five countries in terms of EALA (baseline conditions). To further
investigate the current exposure (thatis, baseline conditions) of surface
transport networks to coastal flooding in each European country, we
calculated the percentage of the national transport network located in
the LECZ of each country (Supplementary Table 4). This analysis reveals
that UK has ahigher percentage of its national transport networkin the
LECZ (8%) than France (3%). Norway has 8.1% of its national transport
network situated in the LECZ, ranking sixth among the coastal coun-
triesin Europe where this statistic is concerned. It must be noted that,
while in the above analysis we focused only on the LECZ area and the
current exposure as key factors that may elevate the EALA in a given
country, other aspects, such as storm characteristics and the overall
extent of transport networks, could also play arole in elevating (or
diminishing) EALA.

The passenger and haulage transport activities* in the LECZ are
also higherinthe aforementioned top-five EALA countries compared
to other European countries (with the exceptions of Netherlands,
Germany and Belgium) (Extended Data Fig. 1a,c). This is particularly
concerning with respect to possible socio-economic impacts and
supply-chain disruption during coastal flood events.

Under baseline conditions, coastal flooding affects more roads
than railways in all European countries except Latvia and Slovenia
(stacked bars in Extended Data Fig. 2a provide baseline-condition
values). With global warming (for all warming levels considered here),

even these two exceptions disappear, and roads are projected to be
more exposed to coastal flooding than railways in every European
country, across all considered global warming levels (example of 2 °C
of warming in Extended Data Fig. 2a). It is therefore a great concern
that passenger and haulage transport activities within the LECZ pre-
dominantly rely on road networks rather than rail networks in a vast
majority of European countries (Extended Data Fig.1b,d), meaning that
transportdisruptions dueto coastal flooding and associated direct and
indirectsocio-economicimpactsare likely tobe severe (unless road and
rail networks, and their relative usage, change drastically through the
twenty-first century from what they are at present).

Interms of the financial risk associated with the surface transport
network affected by coastal flooding, under baseline conditions, the
UK has the highest EAD (Extended Data Fig.3a), totalling €272 million,
which is more than half of the total European baseline EAD. Italy has
the second-highest EAD, with €93 million, followed by Norway, France
and Denmark, with EADs of €35 million, €34 million and €33 million,
respectively. (Note: Cyprus and Malta do not have the rail types we
considered in this study.)

Our projections show that EAD increases with global warming for
every European country (Extended Data Fig. 3b). Cyprus, Bulgaria,
France, Croatia and Romania are projected to experience the largest
increase in EAD compared to other European countries (relative
to baseline-condition EADs). Even at the lowest global warming level
considered (1.5 °C), EAD is expected to rise substantially in these
countries—Cyprus stands out with a tenfold increase relative to its
baseline EAD, followed by Bulgaria, France, Croatia and Romania,
each with an approximately threefold increase. Among all countries,
Cyprus emerges as the most sensitive to global-warming-induced
coastal flood impacts. Although the EAD values in Cyprus are not
among the highest (Extended Data Fig. 3a), the rate of increase
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Fig. 4| Coastal flood risk to surface transportinfrastructure in Europe
expressed as EAD relative to annual government expenditures onroad and
rail networks for baseline conditions and for different global warming levels.
Barsrepresent the median (50th percentile) of aggregated country-level EAD
distributions, and error bars indicate the 5th-95th percentile ranges. Each
national EAD distribution was derived from probabilistic EAD estimates for
individual road and rail segments (1,000 EAD samples per segment), aggregated
to the country level. The number of segments per country under baseline-4 °C
is as follows: Bulgaria25-37, Croatia 456-666, Cyprus 86-159, Germany
862-1,365, Denmark 2,053-3,210, Estonia 282-362, Finland 597-728, France

7,791-14,529, Greece 910-1,808, Ireland 1,949-2,554, Italy 4,164-6,636, Latvia
80-235, Lithuania 88-125, Norway 2,595-3,125, Poland 936-1,469, Portugal
1,007-1,436, Romania 38-66, Spain1,656-2,841, Sweden 1,686-2,468, Slovenia
138-262 and United Kingdom 11,374-16,810. Annual government expenditures
onroadand rail infrastructure estimates used here include investment,
operation and maintenance costs for 2016, adjusted to 2015 price levels in euros.
Albania, Montenegro and Turkey could not be considered in this analysis due to
unavailability of data. (Data from ref. 43). The Netherlands and Belgium are not
affected by the range of flood-return periods considered in this study due to their
already very high levels of coastal protection.

is striking: a tenfold increase at 1.5 °C, a 12-fold increase at 2 °C, an
18-foldincrease at 3 °Cand a23-fold increase at 4 °C of global warming
(Extended DataFig. 3b).

We also present the EAD of each country (for baseline conditions
and all considered warming levels) as a percentage of national GDP**
(Fig. 3). Under baseline conditions, the countries with the highest
EADs relative to their GDP are, in descending order, Denmark, UK
(which nevertheless has the highest EAD, by far), Norway, Ireland
and Italy. It is noteworthy, that countries with lower EADs, such as
Estonia and Albania (only €0.7 million and €0.2 million, respectively;
Extended Data Fig. 3a), are at a higher relative economic impact com-
paredto, for example, France, which hasamuch higher EAD of €34 mil-
lion. Thisillustrates that the economicimpact of coastal flooding can
be disproportionately severe for countries with smaller economies,
eveniftheir EAD figures themselves are lower. The EAD relative to GDP
isprojectedtoincrease with the warminglevelinall European countries
(Fig.3), highlighting that every fraction of warming has economic con-
sequences across Europe in terms of coastal flood damage to surface
transport networks.

Realignment of national surface transport expenditures

If the risk of coastal-flooding-induced damage to surface transport
networksincreases, governments willinevitably need to allocate more
funds to maintain these important assets. To investigate how this
may play out over the twenty-first century, we compared our EAD
values to government annual expenditures on road and rail infra-
structure® (Fig. 4; government annual expenditures on road and
railinfrastructure for each European country are shown in Supple-
mentary Table 6). Specifically, we examined how current and future
EAD might force countries to reconsider their annual total transport
budgets and how these budgets may need to be distributed between
road and rail networks. Our results show thatamong European nations,
the percentage increase in expenditure that might be required to
counter coastal-flooding-induced damage to surface transport

networks as global mean temperature increasesis highestin Denmark,
Ireland and the UK. For example, the median baseline-condition
EADin Denmark now comprises1.5% of its total annual surface transport
expenditure. This share is projected to increase to 2.3% even under
the lowest-considered global warming of 1.5 °C, meaning the country
would need toincrease its total annual surface transport expenditure
(median estimate) by an additional €18 million at this global warming
level.Inlreland and the UK, the median additional annual expenditures
that would be required for the same warming level are €20 million
and €155 million, respectively. For the highest-considered global
warming level of 4 °C, median additional annual expenditures in
Denmark, Ireland and the UK are as high as €33 million, €28 million
and €263 million.

For the other two countries that were among the top five in
terms of EAD relative to GDP, Italy and Norway, the additional invest-
ment required for surface transport infrastructure is comparatively
modest. Under the lowest warming scenario of 1.5 °C, the median
additional annual expenditures are projected to be €10 million
for Italy and €5 million for Norway. Under the highest-considered
warming scenario of 4 °C, these figures increase to €20 million and
€15 million, respectively.

Our results indicate not only the potential need to allocate a
larger share of the national transport expenditure to counter coastal
flood risk to surface transport networks but also that transportinvest-
ment priorities may need to shift from roads to railways in the LECZ,
or vice versa, depending on the transport infrastructure type most
affected by coastal flooding in a given country. For instance, in Cro-
atia, road damage currently contributes more than rail damage to
the total EAD (Extended Data Fig. 2b). Correspondingly, the govern-
ment’s annual transport expenditure withinthe LECZ is tilted towards
roads (Extended Data Fig. 1f). However, for 2 °C of global warming,
damage torailinfrastructurein Croatiais projected to surpass that of
roads (Extended Data Fig. 2b). This shift would necessitate a realign-
ment of Croatia’s transport expenditure within the LECZ, with more
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resource allocation for rail infrastructure than for roads (assuming
the total surface transport infrastructure remains much the same).
Unless the total available budget increases adequately, such a rea-
lignment of resources would necessitate a reduction in govern-
ment expenditure for roads, which could present new challenges as
passenger and haulage transport in Croatia’s LECZ predominantly
relies on road networks (Extended Data Fig. 1b,d). In contrast, in Bul-
garia, rail damage currently accounts for a larger share of the total
baseline-condition EAD (Extended Data Fig. 2b), and consequently,
currenttransport expenditureis slightly tilted towards rail infrastruc-
ture (Extended Data Fig. 1f). However, our projectionsindicate that for
a2 °C global warming level, coastal-flooding-induced road damage
will become larger than rail damage, potentially requiring a shift in
expenditure priorities towards roads. This could constrain resources
available for rail networks, despite rail being the primary mode of
haulage transportin Bulgaria (Extended Data Fig.1d), unless the total
available budget increases sufficiently. Our results point towards the
potential need for such arealignment of transport resource allocation
inFranceaswell.

In addition to these findings, climate change adaptation in the
transport sector remains inadequate in many regions of Europe*“.
Our EAD projections are based on current infrastructure and static
exposure, effectively representing a no-adaptation scenario. If adap-
tation investments continue to lag, the economic losses projected
here are likely to materialize. Furthermore, actual future impacts
could exceed these estimates if exposure increases—for example,
dueto continued development of transportinfrastructure, particularly
climate-vulnerableinfrastructure, in LECZs. These findings highlight
the urgent need for increased investment in climate-resilient infra-
structure, especially in countries where the relative economicimpact
isprojected to be high. Beyond economicimplications, disruptions to
transportinfrastructure may also adversely affect social well-being and
stability, particularly by limiting access to essential services, isolating
vulnerable communities and reducing overall societal resilience to
climate impacts*'.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods
Computational framework
In this study, we consider four global warming levels that straddle a
range from ambitious mitigation to virtually zero-emissions policies:
from achieving the Paris Agreement goal of keeping the increase in
global mean temperature to below 1.5 °C (relative to 1850-1900) or
limiting it to 2 °C, to allowing it to reach 3 °C or even 4 °C. All global
warming levels used in this study refer toincreases in global mean tem-
peraturerelative to the pre-industrial baseline (1850-1900)> For each
of these global warming levels, we generate probabilistic projections
of extreme sea levels (ESLs, taken as relative sea level rise + stormsurge
levels +wave set-up +tides) that give rise to coastal flooding and com-
bine them with exposure and vulnerability to quantify economic losses.
We definerisk asafunction of hazard, exposure and vulnerability,
following the IPCC AR6 Risk Guideline®. As illustrated in the overall
methodological framework in Supplementary Fig. 3, we integrated
coastal flood maps for different ESL return periods under current
(baseline) conditions and the above-mentioned global warming levels
with road and rail segment information across Europe. Each road/rail
segment is associated with maximum damage values, reflecting the
total costs of reconstruction after aflood and DD curves that are spe-
cifictoeach different type of road and railinfrastructure. For each road/
rail segment, and each type thereof, we calculated the corresponding
damages for both high-return-period events (low-probability but
high-impact events) and low-return-period events (high-probability
but low-impact events), for ESLs up to the local coastal-protection
level. The economic risk is expressed as the EAD, which is calculated
astheareaunder the curveinagraph that plots the probability of ESL
events against the resulting economic damage. Additionally, risk is
here also quantified by the EALA, which represents the integration of
flooded length of road/rail per ESL return period. More details on the
different steps of the analysis are provided below.

Hazard

We used coastal flood maps for different global warming levels as our
hazard data. These maps were generated using the process-based
two-dimensional hydraulic model LISFLOOD-ACC***, which is part
of the LISFLOOD-FP model suite*®. Following the methodology of
Vousdoukas et al.*’, we first computed ESLs at return periods of 1, 10,
20,50,100,500and 1,000 years (for the baseline and for the different
warminglevels) at -1-km spacing along the European coastline (‘Expo-
sure’ section provides details). These ESLs were then used as input to
LISFLOOD-ACC, together with proxy-based coastal flood protection
levels, to produce flood maps consistent with the approach detailed
in Vousdoukas et al.*

Exposure

Our analysis covers 27 member-states of the European Union (that
have a coastline, the UK, European Free Trade Association countries
(excludingIceland), and EU candidate countries (excluding Bosniaand
Herzegovina). We also do notinclude overseas regions and territories
of the above countries.

Classification of road and rail networks. In this study, we define
surfacetransportinfrastructure as comprising road and rail networks
(thatislinear assets), excluding other transport-related assets such as
tunnels, bridges, ports and intermodal hubs. To simplify and harmonize
the analysis, we first categorized the road and rail networks. For road
types, we adopted the classification from Van Ginkel et al.”, which
includes motorway, trunk, primary, secondary and tertiary roads. We
used the OSM tagging convention as listed in Supplementary Table 7
to categorize them. For railways, we adopted three types: high-speed,
conventional electrified and non-electrified. This classification is based
onthesignificant differencesinreconstruction costs depending on the
traintype andrail electrification arising from the different associated

technical specifications™. However, OSM data for the rail network is
ofteninsufficient for detailed classification®'. To address this, we inte-
grated information from the European Transport Policy Information
System (ETIS) data®’. We assigned ETIS data to OSM rail segments that
were within 500 metres of ETIS rail segments and categorized them
accordingly. OSM rail segments lacking data and not included in the
ETIS network were assumed to be ‘conventional non-electrified, as
ETIS data generally cover the major and more costly rail types, such
as high-speed and electrified rails (Supplementary Table 7 provides
more details).

Maximum damage. In quantitative risk assessment, maximum damage
values per asset type are used together with flood depths to compute
EADs. Here for road networks, we adopted Van Ginkel et al.s”” concept
to determine the maximum damage for each road type and associated
uncertainty, whichis based onareview of original construction cost and
reconstruction costs (thatis, the cost of full or near-complete rebuilding
ofinfrastructure, excluding land-acquisition costs, oftenrestoringit to
original standards after significant damage caused by a flood event)
fromroad projects, primarily in Europe and afew from outside Europe.
Roads with extra features such as street lights typically require more
maintenance and incur higher damage costs after a flood. This is par-
ticularly true for motorways and trunk roads. Therefore, the maximum
damage values were adjusted for these road types based on the presence
orabsence of street lights, by adopting corresponding higher or lower
fractions of the construction cost, as shownin Supplementary Table 8.
The uncertainty associated with flood velocity was also considered in
determining the maximum damage to roads from floods. Low flood
velocities generally resultin minimal damage, whereas high flood veloci-
ties can cause severe damage®. To account for this uncertainty also,
we adopted different fractions of the construction cost, depending
on whether the flood velocity is low or high (Supplementary Table 8).
Consequently, the maximum damage values for each road type (as
given in Supplementary Table 8) consist of a range of reconstruction
costs rather than a single fixed value to account for the uncertainty
arising from variations in road construction costs and flood velocity.

For railways, the maximum damage estimates for different rail
classes were derived fromreconstruction costs provided by the REGIO
Rail Unit Cost Tool, which reviewed 158 rail projects across Europe™.
These costs are categorized into conventional non-electrified, conven-
tional electrified and high-speed rails. For conventional non-electrified
and electrified rails, the maximum damage is represented by the
average reconstruction cost across all reviewed projects of the cor-
responding rail class, weighted by the rail length in each project
(Supplementary Table 9). Reconstruction data for high-speed rail
were limited; therefore, we estimated reconstruction costs by apply-
ing the average ratio of reconstruction to original construction costs
reported for conventional electrified rail projects to the high-speed
rail construction costs. The maximum damage for high-speed rails was
then calculated as the length-weighted average of these reconstruction
costs. To account for reconstruction cost variability for all rail types,
based on the reported spread in costs, we set the maximum damage
range from 50% higher to 50% lower than the estimated average recon-
struction cost of new line construction costs across rail projectsin the
REGIO Unit Cost tool*. Although flood velocity can impact rail infra-
structure, empirical data on flooding effects is currently unavailable.
Therefore, we did notincorporate flood-velocity condition uncertainty
into our rail damage calculations.

The maximum damage values across European countries are
standardized by linearly scaling them using the average 2015 real gross
domestic product (GDP) per capita of the former EU-28*. This stand-
ardizationis necessary because the value of road and rail infrastructure
per kilometre can vary significantly between countries due to their
economicsituation, including differencesin labour costs, construction
materials, subsoil conditions and so on.
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Vulnerability

Thevulnerability of each road and rail type was quantified as afraction
ofthe maximum damage. This fraction was derived from the relation-
ship between damage and flood depth, also known as the DD curve,
for each ESL return period.

The DD curves for roads were adopted from Van Ginkel et al.Z,
whichwere developed through adetailed assessment of Europe-specific
road types and the varying nature of road damage during floods. Van
Ginkel et al.” developed a total of six DD curves (C1to C6, as shown
in Supplementary Fig. 4) based on road type, presence of road acces-
sories and flood-velocity conditions. The DD curves appropriate for
each road type and specific flood-velocity condition are detailed in
Supplementary Table 10.

The DD curve for rail networks (RW, as shown in Supplementary
Fig.4) is derived from Bubeck et al.”’, which is based on empirical evi-
dence from areal flood event in Austria®. It should be noted that the
reference case used to develop this DD curve for rail networksis ariver
flood with very low flood velocity. Similar to road infrastructure, flood
velocity caninfluence the extent of rail damage. However, developing
arail damage curve for high-flood-velocity conditions is beyond the
scope of this study due to the lack of empirical data and case studies
(more details provided in the ‘Depth-Damage Curves’ section of the
Supplementary Information).

Risk

Here we performed our coastal flood-risk assessment in terms of
EALAand EAD. To determine EALA, we calculated the potential flooded
length of each road and rail segment for all return periods considered
by intersecting the segment with the coastal flood extent for each
ESL return period. The EALA for each segment was obtained by inte-
grating these inundated lengths across all considered return periods.

Similarly, the EAD was calculated by integrating the damages
(in monetary values) associated with the corresponding ESL return
periods. These damage estimates for each road or rail segment
were computed by multiplying the flooded length for a given return
period, the damage fraction corresponding to the flooded depth
(using appropriate DD curves as shown in Supplementary Fig. 4 and
Supplementary Table 10) and the maximum damage value for the
associated road or rail type (using Supplementary Tables 8 and 9). In
the case of varying flood depths along the same road or rail segment,
we used the average value as the representative flood depth for that
segment. Because the maximum damage values for road and rail types
comprise arange rather thanafixed value to account for uncertainty,
the damage estimates also reflect this range. The damage for each
segmentisthusrepresented as alinearly scaled range, with minimum,
25%,50%, 75% and maximum values of the range. (For example, if the
estimated damage for asegment ranges from100t01,000, itisrepre-
sented as100, 325,550, 775and 1,000, corresponding to the minimum,
25%,50%, 75% and maximum values of the range.)

The EAD for each segment was calculated by integrating damages
across all considered return periods, with results also represented as
alinearly scaled range (minimum, 25%, 50%, 75% and maximum) to
capture damage variability. We then report the EAD for each segment
probabilistically using this scaled range. Two EAD values were selected
per segment: one representing low-flood-velocity and one represent-
ing high-flood-velocity conditions. For example, for a rail segment,
low-flood-velocity values were randomly selected from the lower por-
tion of the range (minimum, 25% and 50%), whereas high-flood-velocity
values were randomly drawn from the upper portion of the range (50%,
75% and maximum) (Supplementary Fig. 5 provides more details on
this process for each road and rail type).

We then generated 1,000 EAD samples by assuming that
the low- and high-flood-velocity EAD values correspond to -2 and
+2 standard deviations, respectively, in a normal distribution
(Supplementary Fig. 6). This process produces a probability

distribution of EAD for each segment. Further details on probabilistic
EAD estimates can be found in the ‘Probabilistic EAD Estimates’
section of the Supplementary Information. The resulting EAD values
are initially derived from standardized maximum damage estimates,
based on the former EU-28 average 2015 GDP per capita. These EAD
values are subsequently adjusted to reflect the local economic situation
by reversing the standardization (by linearly rescaling from the former
EU-28 average GDP per capitaback to the national GDP per capita, while
maintaining all values at 2015 euros).

These segment-level EAD distributions were subsequently
aggregated at the NUTS3, NUTSO, IPCC AR6 subregion and European
levels®*°. From the aggregated distribution at each spatial scale, the
median EAD and its associated uncertainty range (5th-95th percentile)
were extracted.

The EALAs and EADs thus computed at European and NUTSO
level are discussed in the manuscript. NUTS3 and IPCC AR6 subre-
gion level results are presented in Supplementary Figs.1and 2 and
Supplementary Tables1and 2.

Comparison with previous studies

We compareourbaselineEADwithestimatesreportedinpreviousstudies
on flood risk in Europe. For consistency, we limit our comparison to
baseline estimates, as projections in these studies are reported for
emissions scenarios, whereas ours are based on global warming levels.
Our baseline estimates of €519 million (median value) are substantially
lower thanthe €1.4 billion reported for coastal flood risk to all assets in
Europe". This difference is primarily due to the types of asset consid-
ered—our study focuses exclusively on surface transport infrastruc-
ture, whereas the previous estimate includes all 44 land-use classes
from the refined CORINE land-use/land-cover dataset”. Additionally,
variationsin damage estimates arise from differences in methodology,
such as the use of feature-based versus raster-based approaches, the
selection of DD curves and the maximum damage values assigned to
each asset type. Feature-based approaches, such as that employed in
thisstudy, areknown toyield lower damage estimates than raster-based
approaches”. Moreover, the shape of Huizinga et als DD curve for
transport infrastructure®®, which is commonly used in raster-based
approaches, probably resultsin higher damage estimates—particularly
for lower flood depths—compared to the asset-specific DD curves for
roads and rails used in our study.

We evaluated our baseline EAD for roads against a prior study on
river flood risks? that employed the same feature-based approach,
categories of roads, DD curves and maximum damage values adopted
in our analysis. Our baseline EAD estimate of €188 million (median
value) associated with coastal flood risk toroad infrastructureis lower
thanthe €230 millionreported for river flood risks faced by roads. For
railinfrastructure, we compared our results with astudy onriver flood
damage”, where we adopted the same DD curves for rail types but
used different, type-specific maximum damage values. Our estimate
of €331 million (median value) for coastal flood rail damage is lower
thanthe €581 million reported for river flood damage to rail networks.

As reported in the global multi-hazard risk assessment by Koks
etal.,damages fromriver floods are generally higher than those from
coastal floods®. This difference is probably influenced by several fac-
tors. River floods often cover larger areas and occur more frequently
dueto extensive river networks and floodplains. Transport infrastruc-
ture and urban development along rivers typically extend over much
longer distances than along coastlines, resulting in greater exposure
tofluvial flooding than coastal flooding. Additionally, flood protection
tendsto be stronger and more consistent along coastlines, particularly
indevelopedregions where coastal defences such as seawalls and surge
barriers are common. In contrast, river flood defences are often less
uniform and may be eveninsufficientin large basins or rapidly urban-
izing regions. Therefore, the comparatively lower estimates for coastal
floodrisks inour study, relative to river flood risks, are not surprising.
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Limitations

The European-scale coastal flood risk to surface transport networks
presented here for different global warming levels has anumber of limi-
tations thatare unavoidableinastudy of this scale. Itisimportant that
these limitations arebornein mind when interpreting our projections.

First, our analysis focused solely onroad and rail networks, based
on our definition of surface transport infrastructure, and excluded
other transport-related infrastructure such asbus stops, train stations
and intermodal hubs. We also did not include damage assessments
for bridges and tunnels, as their flood damage mechanisms and assess-
ment procedures differ fundamentally from those of regular roads and
railways considered in this study.

Forinstance, bridge damageis typically caused by scour at founda-
tions rather thansurface inundation”*°"®, whereas tunnels are highly
vulnerable to rapid flooding due to their underground positioning
and typically limited drainage capacity®* **. Dewatering and restora-
tion effortsin tunnels are logistically complex and resource intensive,
potentially resulting in higher repair costs®> °*. Most importantly,
assessing flood damage in tunnels requires customized inundation
modelling approaches that consider sub-catchments of floodwa-
ter, tunnel geometry, floodwater entry points and internal drainage
systems to estimate the accumulated water depth within enclosed
underground areas®>®. The coastal flood hazard data used in this
study provide flood depthsrelative to ground level but do notinclude
information on accumulated flood depths inside tunnels and there-
fore cannot be used to estimate tunnel-related flood damage. Inter-
modal hubs—ports, for example—contain amix of infrastructure types
and land uses, with damage mechanisms that can resemble those of
buildings, transport networks, open areas or specialized facilities (for
example, cranes), depending on their specificcomponents and layout.
These assets therefore require customized DD curves and maximum
damage values (and customized flood modelling as well in the case
of tunnels), which are not currently available in a comprehensive and
harmonized formatthe Europeanscale. Therefore, we were unable to
integrate them into our detailed risk assessment within the scope of
this study. Their omission implies that our results do not capture the
vulnerabilities or the completerisk across the entire transport sector.

Structural damage to these assets from coastal flooding could
significantly increase total impacts, particularly where such infra-
structures functionas critical bottlenecks. We therefore encourage the
development of Europe-specific vulnerability data for these transport
infrastructure types and appropriate flood mapsin the case of tunnels.
Additionally, future work could investigate the indirect and cascading
impacts resulting from the failure of road and rail networks, critical
nodes such as intermodal hubs and stations and connections such
as bridges and tunnels, which are very likely to further amplify the
consequences of coastal flooding beyond the direct physical damages
assessed in this study.

We excluded small islands less than one square kilometre in size,
as neither global projections of most coastal flood drivers nor global
DEMs are unlikely to be accurate for such smallislands. The exposure
data were sourced from community-contributed OSM, which may be
incomplete in certain regions. Such incompleteness could affect the
extent of exposure and potentially lead to underestimations in our
EALA and EAD projections.

Itisimportant to note that our analysis is based on existing trans-
port networks, with no consideration of potential changes in expo-
sure due to future socio-economic developments, or modifications
inresponse to global warming, in the period 2020-2100. Thisis rather
unlikely, as these networks will, in all probability, expand or retreat in
response to socio-economic developments and global warming over
this timeframe. Therefore, ourimpact and risk estimates are likely to be
onthe more conservative side. Whileincorporating plausible changes
in exposure, particularly those aligned with Shared Socio-economic
Pathways, would improve the robustness of our projections, no

dataset currently exists for Europe that captures both the spatial
extent of future network changes and details on infrastructure type
and functionality.

Such datasets could be developed by applying spatial model-
ling techniques—for example, by coupling future urban growth and
land-use change models with transport network simulations to pro-
ject where and how infrastructure might expand under different
socio-economic and climate scenarios. When combined with other
metrics, such asinsights into how currentinfrastructure investments
were made and which socio-economicindicators influenced those deci-
sions, these approaches could enable the development of scenarios for
future transport network expansion or retreat, albeit with a high level
of inherent uncertainty®®. We see this as a topic for future research,
particularly for planning climate-resilient infrastructure systems at
large spatial scales.

The DD curves used for road and rail infrastructure were origi-
nally developed for river flood-risk studies. However, different DD
curves may be needed for coastal flooding of roads and railways, as
coastal floodinginvolves additional factors such as wave action, wind
and salinity, which can exacerbate damage®"°. Due to the lack of
empirical evidence specific to transport infrastructure under coastal
flood conditions, these additional impacts were not included in our
current analysis.

Setiadji et al. found that submergence by salt-contaminated water
causes a marginally larger impact of about 3% more damage to the
uppermostasphaltlayer of the roads”. However, saltwater can signifi-
cantly increase rail degradation, especially by corrosion and result in
higher maintenance costs’. Therefore, to partially account for this
potential underestimation, we conducted a sensitivity analysis by shift-
ing the depth thresholds defining the three damage classes in the rail
DD curve towards lower values (Supplementary Fig. 7). This reflects the
assumption that evenshallower saltwater flooding may cause damage
comparable to deeper freshwater flooding.

The results, presented in Supplementary Fig. 8, indicate that
changes inthe water depths for damage classes do lead to correspond-
ingvariationsinthe total EAD relating to rail. Specifically, for every 20%
shift ofthe DD curve towards lower values of the water depth, for all cor-
responding damage classes, the total rail EAD increased by an average
of13%, indicating the rail EAD estimates are sensitive to assumptions
regarding effects from coastal flood conditions. Whereas this sensitiv-
ity analysis provides afirst-orderindication of the potential influence of
coastal-specific processes, such as salt-induced corrosion over time or
wave-related mechanical damage, it still does not accurately represent
real-world conditions. Coastal flood-specific DD curves (not available
at present) that incorporate these processes based on empirical data
would improve damage estimation for rail.

Coastal flood-specific DD curves could be developed based on
empirical data such as detailed documentation from actual coastal
flood events affecting road and rail infrastructure, preferably within the
European context. This process should ideally include damage classifi-
cation and validation of the newly developed DD curves or quantified
parameters using simulated flood events and corresponding reported
damages®?”. The development of such coastal flood-specific DD curves
for road and rail infrastructure would enable a more accurate repre-
sentation of vulnerability in coastal flood-risk assessments and projec-
tions. We therefore emphasize the need for further research aimed at
gathering relevant empirical dataand developing DD curves grounded
inreal-world coastal flood impacts on transport infrastructure.

Data availability

Road and rail networks were extracted from OpenStreetMap data
downloaded from https://download.geofabrik.de/ (ref. 51). Addi-
tional information used to classify rail types was derived from the
ETIS dataset, available at https://www.tmleuven.be/en/project/etisplus
(ref. 52). DD curves and maximum damage values for road types
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were taken from https://doi.org/10.5194/nhess-21-1011-2021 (ref. 27),
whereas DD curves for rail types were taken from https://doi.org/
10.1007/s10584-019-02434-5 (ref. 29). Estimates for maximum rail
damage values were obtained using the REGIO Rail Unit Cost Tool
developed by the European Commission, available at https://ec.europa.
eu/regional_policy/information-sources/publications/reports/2018/
assessment-of-unit-costs-standard-prices-of-rail-projects-capital-
expenditure_en (ref. 50). Low-elevation coastal zone data for each
European country were sourced from https://doi.org/10.7927/d1x1-
d702 (ref. 38). Current transport volumes for road and rail networks
ineach European country are available via the European Commission’s
statistical pocketbook: https://transport.ec.europa.eu/facts-funding/
studies-data/eu-transport-figures-statistical-pocketbook/statistical-
pocketbook-2024 _en (ref. 41). National GDP at market prices in 2015
was downloaded from Eurostat: https://doi.org/10.2908/TIPSAU10
(ref. 42), and annual government expenditure on surface transport
infrastructure in each European country was obtained from https://doi.
0rg/10.2832/853267 (ref.43). All datarequired to reproduce the figures
inthis study are available via Code Ocean at https://doi.org/10.24433/
C0.9918929.v1 (ref. 73).

Code availability
Pythonscripts developed for the analysis are available via Code Ocean
at https://doi.org/10.24433/C0.9918929.v1 (ref. 73).
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rail networks (Data for Montenegro is not available). [Data sources: European

expenditure onsurface transport infrastructure in Europe. (a) Passenger

Commission: Directorate-General for Mobility and Transport, EU Transportin

transport volume in low-elevation coastal zone (LECZ), (b) Shares of road and
rail network usage for total passenger transport volume, (c) Haulage transport

volumein LECZ, (d) Shares of road and rail network usage for total haulage
transport volume (values for Maltais negligible), (e) Annual government

Figures: Statistical Pocketbook (2024) and Overview of transport infrastructure

expenditures and costs, European Commission: Directorate-General for Mobility

Transport (2019)].

expenditure on transportinfrastructure in LECZ (Data for Montenegro is not

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-025-02510-y

(a) 100 M M @1 oo B2 1 &l omorm o B o@g e mmome o e fmeor
il [T H s N 2 rail
W HH [ H [ road
80 [ L
. L
o 60
E L || H
[ [
[
=
@ 40
o
20 ml
0
T 8 &8 4 ¥ &£ 2T Y 2 Y T 2 @ &8 Q2 T /T L& L E S B E
%E‘i‘agt%E:ngEE%Eg;E%’%%&nf%
2 2 8 5 c 85 g £ E § @ 5 22 ¢ 5§ 2 € g g v g5 2
I T g =" &g o g
o kel
= ]
s
=
(b) 100 T e T e e T T I e T e T s
80 I L un
. L
D 60 H
8 H | | L
c
g L
o 40 H M
o H L H
20 I
. L
T ©®& & ¥ ¥ ®& T g > ¢ T > © © @ O > T T[T O & £ & > ¢
= ol = 5 = c o c 9 E B ~ z = 5 © c S = 5 9 9 S
$ EE s E e EEe TR s YaElos
<82 gEE g g g="e&ead & ¢
o el
= 2
c
]
Extended Data Fig. 2 | Relative contributions of road and rail associated flood annual length affected (EALA), and (b) Relative contributions of road and rail to
risk to total coastal flood risk in Europe for baseline conditions and for 2 °C of the total expected annual damage (EAD). (Stacked bars are arranged sequentially
global warming. (a) Relative contributions of road and rail to the total expected from left to right for the baseline condition and the 2 °C global warming level.).
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Extended Data Fig. 3 | Coastal flood risk to surface transport infrastructure affected by the range of flood-return periods considered in this study due to
in Europe expressed as expected annual damage (EAD) for different global their high levels of coastal protection. Basemap administrative boundaries from
warming levels at country scale. (a) Baseline EAD (the estimate under 1980- EuroGeographics 2025 under a licence available at https://www.mapsforeurope.
2020 climate conditions), and (b) Projected change in EAD from the baseline org/licence.

value for different global warming levels. The Netherlands and Belgium are not
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